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ABSTRACT 
Multi-scale computational modeling and characterization of bioprinted tissue 
scaffolds 
Kalyani Nair 
Wei Sun, Ph.D 
 
The 2007 Federal Multi-Agency Strategic Plan, initiated by NIH, NSF, DoD and 
other Federal agencies, has redefined tissue engineering as “the use of physical, chemical, 
biological and engineering processes to control and direct the aggregate behaviors of 
cells”. In this new paradigm of tissue science and engineering, living cells are used as 
basic building blocks to “manufacture” cell-integrated constructs. This offers tremendous 
opportunities for designing in vitro physiological models to study disease pathogenesis, 
inventing molecular or cell-based therapeutics in clinical applications, and developing 
novel pharmaceutical methods for reducing the use of animals in drug testing. However, 
during and after the biomanufacturing process, cells are subjected to an array of 
mechanical forces which may cause injury. One major challenge in this field has been the 
lack of understanding regarding how external loads affect cells and how the mechanical 
signals are translated into the cascade of biochemical reactions that lead to cellular 
differentiation. While experimental studies have been conducted for specific bio-
fabrication systems in order to understand the cell responses, an engineering model is 
also needed that can be used to predict the effect of mechanical forces to cells.  
The objective of this research is to develop a multi scale modeling approach for the 
analysis of cell damage in bioprinted tissue constructs. The approach includes analysis of 
the tissue constructs at three different scales: a macro scale model where the macro-scale 
tissue construct is characterized, a multi-cellular model where a sufficiently large multi-
 xv
cellular representative element volume is selected to represent a microstructure of the 
tissue construct., and a single cell model wherein the microstructures of the cell like the 
nucleus and the cytoplasm have been incorporated. In the macro-scale model, we have 
developed a non-linear numerical model and used the hyperelastic Ogden material model 
to characterize the structural properties of the scaffold and to also provide the macro 
deformation and stresses. At the next scale, we have developed a model comprising of 
multiple cells modeled as single phase spherical inclusions to quantify the 3D stresses 
and deformations of the cells. In the third scale, a single cell model has been developed to 
determine the stresses and deformations within the substructures of the cell. Additionally, 
a strain energy based damage theory has been formulated to link the cellular responses to 
the applied mechanical forces at the macroscopic level. A stochastic approach is also 
developed to predict the resulting cell viability within the construct. Comparison between 
the predicted cell viability and the cell viability from the experimental data shows a fair 
agreement in capturing the trend of the damage observed from the experimental study. 
The major accomplishments reported in this thesis include 
a) The development of a three dimensional multi-scale computational modeling 
approach for the analysis of mechanical load induced cell damage in bioprinted 
tissue constructs. This methodology quantifies 3D stresses and deformations in the 
micro-scale level comprising of multiple cells, and studies cell damage at a cellular 
level wherein individual cell components like the nucleus and cytoplasm are 
modeled.  
 xvi
b) The development of a numerical model to characterize and predict the macro-scale 
structural behavior of the tissue scaffold. This model aids in determining the 
mechanical properties of three dimensional alginate based tissue scaffolds.  
c) The development of a novel strain energy based damage criterion and damage 
parameter for determining cell damage in tissue engineering scaffolds. The model 
further aids in predicting the cell viability within the tissue scaffolds when the 
constructs are subjected to macro-scale loads.  
d) To characterize the biofabrication induced damage on living cells and analysis of 
cell apoptosis. It aids in determining, controlling, and eventually designing the 
optimal biofabrication parameters to manufacture cell assemblies with the desired 
biological function 
 The 3D multi-scale computational modeling approach for the analysis of cell 
damage would enable to quantify the 3D cell deformation and stresses at three scales. 
The damage criterion along with the damage parameter would enable in determining the 
degree of cell damage induced in a single cell when the bioprinted tissue construct 
experiences a prescribed mechanical load. We hope the developed model can be applied 
as a useful tool in determining, controlling, and eventually, designing optimal parameters 
for the biofabrication of living cells. The developed model will also enable in 
determining the effects of macroscale loads on the single cell. 
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CHAPTER 1 INTRODUCTION 
1.1. Biomanufacturing in tissue engineering 
 The interdisciplinary research area of tissue engineering and regenerative 
medicine seeks to create a new knowledge base for engineering tissue constructs in 
applications such as drug delivery systems, pharmacokinetic devices for drug evaluation, 
animal on chip systems and organ replacements (Griffith and Swartz, 2006; Langer and 
Vacanti, 1999). Researchers believe that biomimicing normal tissue development is a key 
to the success of this field and that the function of complex tissue relies on the 
independent control of macro- and micro-scale features (Ghosh and Ingber, 2007; Ingber 
et al., 2006; Lauffenburger and Griffith, 2001).   
 Many processes have been developed in the area biomanufacturing for the 
development of tissue engineering scaffolds. The traditional chemical processes like gas 
foaming, phase separation used for scaffold fabrication has many limitations in terms of 
control of porosity and inner architecture of the scaffold structure. Computer-aided rapid-
prototyping technologies have been adapted towards the fabrication of 3-D scaffolds with 
precise spatial and temporal control at the macro- and micro-scale levels (Chen et al., 
2006). This technology aids design and manufacturing customized tissue substitutes 
based on clinical imaging data and computer aided design (CAD)-based freeform 
fabrication techniques. Moreover, it allows for the inclusion of vascularization providing 
nutrient transport and helps create artificial tissue structures that closely resemble their in 
vivo state (Chu et al., 2002; Zeltinger et al., 2001). As indicated in Figure 1.1 the 
biomanufacturing area can be broadly classified fabrication processes without cells and 
fabrication processes with cells (Tsang et al.,2004).  
 1
  
Figure 1-1: Types of 3D biomanufacturing systems 
 
 In the first case, the cells are seeded onto the scaffolds after the complete 
fabrication of the scaffold. In case of processes involving cells, the cells are incorporated 
into the scaffold during the process itself as in the case of bioprinting processes. A brief 
overview of the different biomanufacturing techniques along with their advantages and 
disadvantages is given below. 
1.1.1. Scaffold fabrication methods without cells  
 These include those fabricated either by heat treatment, light mediated, by means 
of adhesives and those fabricated by molding. In case of heat mediated scaffolds, the heat 
energy raises the temperature of the polymer above its glass transition temperature and 
fuses the layers by applying pressure to form three dimensional structures (Yang et al., 
2002).  Lee et al have used SLS with polymer-coated calcium phosphate powders to 
fabricate oral implants (Lee et al.,1996). The pattern resolution of SLS is limited by the 
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diameter of the laser beam to about 400 um (Yang et al., 2002), and maximum pore size 
is about 50 um due to the powder particle size (Leong et al., 2003).Borenstein et al have 
fabricated biodegradable thin films by casting PLGA onto microfabricated silicon 
masters and when laminated together, these formed scaffolds with 20 μm diameter 
channels between layers (Borenstein et al., 2002). Soft lithography techniques have been 
used with materials like elastomeric polydimethylsiloxane (PDMS) molds cast from 
silicon masters (Chen et al., 1997). PLGA solution was poured into the mold and heated, 
to create polymer layers with microstructures of resolution up to 20–30 μm (Vozzi et al., 
2003). Fused deposition modeling (FDM) combines heat and extrusion techniques to 
create 3-D scaffolds layer by layer. A nozzle deposits a strand of molten plastic or 
ceramic onto a previously deposited layer of material. Zein and Hutmacher used this 
method to produce biodegradable poly(ε-caprolactone) (PCL) scaffolds exhibiting 
various honeycomb geometries with strut widths of 250–700 μm (Hutmacher., 2000, Zein 
et al., 2002).  
 In case of 3-D plotting, fabrication is based on a sol-gel phase transition that 
occurs at lower temperatures. Landers and coworkers deposited agar and gelatin solutions 
heated to 90◦C into a cooled plotting medium, resulting in a 3-D hydrogel scaffold 
(Landers et al., 2002). Similarly, Ang and colleagues used robotic dispensing to form 
chitosan and chitosan hydroxyapatite scaffolds (Ang et al., 2002). With these methods, 
the selection of biomaterials is limited because the processes are very temperature 
dependent and the materials have to be compatible to the process temperature. 
 Techniques using light energy can also be used to fabricate 3-D polymer 
scaffolds. Stereolithography (SLA) is a photopolymerization method  that utilizes a UV 
 3
laser beam to solidify exposed polymer regions at the surface of a photosensitive 
polymer. Multiple layers are formed by lowering the stage and repeating the exposure to 
laser. Cooke et al. fabricated biodegradable 3-D polymer scaffolds consisting of diethyl 
fumarate, poly(propylene fumarate) and the photoinitiator bisacylphosphine oxide 
(Cooke et al., 2003). Stereolithography is also limited in resolution by laser beam 
diameter to approximately 250 μm, although small-spot laser systems have demonstrated 
the production of smaller (70 μm) features (Yang et al., 2002). Yu and colleagues used a 
photolithographic method of patterning layers of dried 2-hydroxyethyl methacrylate. The 
scaffolds were then rehydrated and seeded with cells (Chu et al., 1999). The disadvantage 
of this method is that the rehydration process can be controlled to a limited extent and 
this would lead to compromising the dimensions of the scaffold geometry. 
 The use of adhesives to create 3D scaffolds has also been used in tissue 
engineering applications. For instance, three-dimensional printing (3-DP) has an ink jet 
printer which deposits a binder solution onto a polymer powder bed. Multiple layers can 
be fabricated and stacked with dimensions on the scale of polymer particle size 
(approximately 200–300 μm) (Park et al., 1998). Pressure assisted microsyringe (PAM) 
fabrication is another adhesion-based technique that uses a solvent to bind polymers in a 
layer by layer format. A stage controlled microsyringe delivery system deposits a stream 
of polymer dissolved in solvent through a 10–20 μm glass capillary needle (Vozzi et al., 
2003). This method is capable of high resolution features and does not require heat. 
Again, the limitation here is in terms of biomaterial selectivity.  
 Using molds to create tissue engineering scaffolds is advantageous for sensitive 
biomaterials that are incompatible with extreme process conditions, since only the mold 
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is subjected to the processing environment. Orton et al. casted a hydroxyapatite/acrylate 
suspension onto a negative epoxy mandible mold made by stereolithography (Chu et al., 
2002a). After heat-curing the polymer, the mold and acrylate binder were incinerated. 
The resulting hydroxyapatite scaffolds showed bone ingrowth in minipigs up to nine 
weeks after implantation (Chu et al., 2002b). Sachlos et al. used ink jet printing to 
manufacture molds for casting collagen microstructures with 200 um feature size 
(Sachlos et al., 2003). The molds were then dissolved with ethanol to form scaffolds with 
predefined internal morphology. These scaffolds also had a component of extracellular 
matrix specifically recognized by cells to enhance attachment.  
 The biggest limitation of the techniques where cells are not incorporated in the 
scaffold fabrication process is the inefficiency in cell seeding onto the scaffolds. This has 
led to researchers using a direct assembly of cultured layers of living cells. For instance, 
for the development of myocardial tissue, cardiomyocytes were cultured on dishes 
selectively grafted with poly(N-iso-propylacrylamide) to form a substrate with 
temperature-sensitive adhesive properties. At lower temperatures, the polymer hydrated 
and released a cellular sheet that maintained cell-cell contact at the junctions (Shimizu et 
al., 2003). To mimic the structure of blood vessels, Auger and colleagues wrapped 
smooth muscle cell sheets around a tubular mandrel and subsequently seeded endothelial 
cells within the lumen of the cylinder (L’Heureux et al. 1998).  
1.1.2. Scaffold fabrication methods with cells 
 Incorporating cells in the fabrication process has led to the development of 
various cell printing methods. Jet based printing approaches are classified into four 
different types. Laser guidance direct write (LG DW) , modified laser-induced forward 
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transfer techniques (LIFT),  modified ink jet printers and an electrohydrodynamic jetting 
(EHDJ) method (Ringeisen et al., 2006). Cell printing was first demonstrated 
experimentally using laser guidance direct writing (LG DW) approach.  Odde et al. have 
demonstrated the use of laser-based optical forces to precisely deliver a stream of 
embryonic chick spinal cord cells and ‘write’ them into arbitrary positions on a substrate 
(Odde et al., 2000, Odde et al., 1999) . This study shows cell viability after laser exposure 
inside the fiber but does not show the viability after the entire printing process. The cells 
were printed onto a laminin-coated fiber and cell growth was observed inside the fiber 
after 2 days of incubation. The study discussed adjusting the printing parameters to 
increase throughput like increasing the flow velocity of the cells through the fiber, using 
a more powerful laser, and increasing the cell density in the solution. However, if the 
parameters are not optimized it could lead to further problems like fiber clogging  
because of higher cell density and potential for cell damage by using more intense light. 
 The LIFT system comprises of three components namely, a pulsed laser source, a 
target from which a biomaterial is printed, and a CAD/CAMcontrolled receiving 
substrate that captures the printed material. The target consists of a support layer that is 
transparent to the wavelength of light used in the experiment, a transfer layer that 
contains the biomaterial to be patterned or printed (i.e., cells), and an optional energy 
conversion layer between the support and transfer layers. A receiving substrate is 
positioned directly beneath the biological layer. For cell printing experiments, the 
incident laser pulse is directed through the support layer and focused at the interface of 
the support and the transfer layer (Barron et al., 2005).Modified-LIFT have advantages in 
some applications in that there is no risk of clogging, there can be a large range in cell 
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concentrations for print solutions, and viscous/non-viscous fluids can be printed, while 
maintaining micrometer resolution because of the absence of nozzles and/or orifices.  
 The modified laser induced forward transfer technique (LIFT) was used to print 
patterns of living E. coli (Ringeisen et al., 2001).These studies indicated cell viability and 
retained functionality of the printed bacteria through live/dead assays and detection of 
green fluorescent protein. This technique was also utilized to print pluripotent embryonal 
carcinoma cells and the study demonstrated near 100% viability as well as retained 
genotype and phenotype after the printing process (Ringeisen et al., 2004). Since an 
ultraviolet (UV) laser pulse was exposed to a homogeneous mixture of matrix (hydrogel) 
and cells, it is possible that genetic damage could be induced by light absorption in the 
cell. Also, since the volume of fluid in each printed droplet is very small (~100 pL) cell 
damage could be induced by drying effects as well as shear stress during acceleration 
(leaving target) and deceleration (landing on receiving substrate). A live/dead stain was 
exposed to the hydrogel-coated receiving substrate 24hrs after printing to demonstrate 
100% viability of the cells. Other studies have utilized different cell lines, both normal 
and carcinoma, to demonstrate 100% viability when printed with several types of energy 
conversion layers (Ringeisen et al., 2004, Barron et al., 2005, Barron et al., 2004).  
 In case of the modified ink jet printers; there are two types of ink jet tools that 
have been used to print living cells, thermal and piezoelectric (Saunders et al., 2004, 
Mironov et al., 2003, Kesari et al., 2005, Mironov et al., 2004, Miller et al., 2006, 
Saunders et al., 2005, Xu et al., 2005, Saunders et al., 2004, Roth et al., 2004, Watanabe 
et al., 2003, Nakamura., 2004, Nakamura et al., 2005). The first study of printing viable 
cells by an ink jet device was reported in 2003 using a modified thermal print head ( 
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Boland et al., 2003, Mironov et al., 2003, Wilson and Boland., 2003). In this case, the ink 
cartridges were washed and filled with suspended BAECs at a concentration of 105 
cells/mL. Droplets of cell solution were printed to the basement membrane Matrigel® 
and stained for viability with a live/dead assay. Thermal ink jet printing has further 
demonstrated successful deposition of several cell types including primary motoneurons, 
primary embryonic hippocampal, and cortical neurons (Xu et al., 2005, Xu et al., 2006).A 
small percentage of cells are found to be lysed during the thermal ink jet printing process 
(~3–10%), and the cytotoxicity of the “bioink”, a Dulbecco’s phosphate buffer saline 
solution (DPBS), resulted in a greater percentage of lysed cells, on average ~15% (Xu et 
al., 2005). Mironov and colleagues have positioned cell aggregates and fused together 
embryonic heart mesenchymal fragments within biocompatible gels of varying chemical 
and mechanical properties (Mironov et al., 2003).Boland and colleagues have modified 
thermal ink jet printers to fabricate constructs to assemble as functional 3D cardiac 
“pseudo-tissue” constructs with mechanical properties similar to native tissue (Boland et 
al., 2007, Boland et al., 2006). Maintaining cells in the ink cartridge for long periods of 
time is often difficult, making rapid deposition or replacement/replenishment of the 
bioink necessary to achieve successful cell printing.  
 Piezo-tip ink jet printers have also been used to print viable mammalian cells 
(Saunders et al., 2004, Saunders et al., 2005).The cell concentration in the printing 
solution was very low (102–104 cells/mL), and droplets were printed to well plates at a 
high rate of 10 000/s, with piezoelectric driving voltages ranging from 30 to 80 V. The 
process viability post-printing is demonstrated by cell adherence and proliferation. One 
problem with piezo-tip ink jet printheads is their small tip size leading to nozzle clogging. 
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To compensate for that problem, lesser cell concentrations are used along with increased 
deposition rates.   
 The last category of jet base printing device is the electrohydrodynamic jetting 
(EHDJ) system. The first experiments used Jurkat cells to test viability and cell growth 
post-EHDJ printing (Jayasinghe et al., 2006). The cell concentration of ~106 cells/mL 
was used. The study reports that the printed cells remain undamaged and are able to grow 
at a similar rate to cells that were not exposed to high electric fields. However, damage 
induced by shear stress as the cell solution is passed through the needle is not taken into 
account. Additional EHDJ experiments (Eagles et al., 2006) have been performed on 
mouse neuronal cells (Cath.a-differentiated, or CAD cells).  The jetted cells appear viable 
postprinting with extended neurite outgrowth after 1 month of incubation.  
 Khalil et al have explored the use of a solid free-form based fabrication process 
(Figure 1.2) where heterogeneous 3D structures could be developed with cells (Khalil et 
al., 2005). The cell viability through the system has been studied and reported as well 
(Chang et al., 2008). These systems have tremendous scope in areas of organ-printing 
technology since it allows for precise spatial and temporal 3-D cell positioning that could 
be used for heterogeneous tissue constructs (Jakab et al., 2004, Xu et al., 2005). 
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 Figure 1-2: Schematic of nozzle based bioprinting system 
 
 One of the main limitations of cellular assemblies is the lack of mechanical 
strength that is required in tissue engineering applications. Cell printers need to be 
flexible enough to meet the diverse requirements All the various parameters like 
resolution, print speed, cell throughput and load volume have varying levels of relevancy 
depending upon the application. For instance, in case of applications where smaller 
scaffolds are required it would require fewer cells to be deposited accurately (higher 
resolution). Conversely, for scaffolds with larger dimensions, it would be required to 
print replacement tissues at faster print speeds with probably lesser resolution. Another 
important consideration is the volume that can be retained within the print head. For 
instance, if cell types are difficult to harvest or are slow to grow in vitro, then a cell 
printer like modified-LIFT (down to 500 nL load volume) would be advantageous, 
because it allows for smaller numbers of cells to be concentrated into lesser volumes 
(Barron et al., 2004, Barron et al., 2005). Modified-LIFT has the benefit of being an 
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orifice/capillary-free technique (no potential for clogging) that enables orders of 
magnitude more concentrated cell solutions to be used for printing (108 cells/mL) 
compared to other jet-based technologies. On the other hand, if a large cell construct is to 
be built, techniques that utilize mL-scale cell reservoirs such as ink jet, EHDJ, solid 
freeform based fabrication systems may be advantageous. 
 Another advantage of the solid freeform based system is that the system is 
capable of controlling multiple nozzles thereby fabricating heterogeneous structures. A 
recent  report presented the ability of a thermal ink jet cell printer to deposit cells from 50 
independent chambers (Xu et al., 2006). Using multiple print heads, it may be possible to 
increase the print speed even further. EHDJ has also been used in configurations with 
multiple needles to enable parallel or simultaneous deposition (Loscertales et al., 2002, 
Bocanegra et al., 2005).These types of approaches may lead to not only higher cell 
throughput but also unique 3-D element printing such as multi-element cell sheets or 
tubes. Modified-LIFT techniques have also reported depositing different cells from 
multiple adjacent wells on a single target (Barron et al., 2004).  
 The flexibility of these systems facilitates the fabrication of 3-D tissues that 
mimic the morphological and functional complexity found in organs in the body. 
However for the success of these systems; there needs to be research focused in the 
development of more intelligent biomaterials suitable for bioprinting technologies as well 
as conducive for cell and tissue regeneration. There is also limited knowledge and lack of 
expertise in the bioprinting area with regards to the characterization and development of a 
knowledge base for optimizing the process for printing cells. 
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1.2. Cell responses to mechanical forces from bioprinting process and in an in vivo 
environment   
 Cells, bioactive substances, and scaffold materials are the three major elements 
that are used in the biomanufacturing processes to create 3D tissue engineering scaffolds. 
Cells may not remain viable and/or of the desired phenotype after undergoing the 
mechanical forces used to process bioactive entities and scaffolding materials during the 
biofabrication.  Biological studies show that living cells are dynamic in nature and 
change their shape, growth, and differentiation under external mechanical influences.31 
Also, variations in mechanical signals caused by changes of cell geometry may result in 
chemical signals that further control cellular development (Clark et al., 1995, Plopper et 
al., 1995). During the biofabrication process, cells are subjected to mechanical forces. 
Those process-induced disturbances may affect the intracellular structures of the cell 
(Ingber 1993, Ingber 1997). For all biological applications, it is important to know 
whether cells remain viable and/or of the desired phenotype after undergoing the 
mechanical forces that occur during fabrication. In case of the bioprinting system, 
different process parameters will produce different effects on cells. Decreasing the nozzle 
diameter will increase the forces experienced by cells within the nozzle; varying the 
nozzle head movement speed could also induce additional compressive or tensile forces 
on the dispensed strands. At a high speed, the dispensed strands may be ‘‘stretched’’ and 
lead to a higher tensile force on the embedded cells, while at a low speed, the dispensing 
forces may be lower, or even compressive in nature. Since cells will respond to these 
environmental changes (Wong et al., 2004), it becomes substantially important to 
understand how the system parameters affect the cells. The current state of art bioprinting 
methods have analyzed cell viability through their systems (Odde et al., 2000, Odde et 
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al., 1999, Ringeisen et al., 2004, Boland et al., 2003, Mironov et al., 2003, Wilson and 
Boland., 2003, Jayasinghe et al., 2006, Chang et al., 2008).When comparing the cell 
viability through the different systems, the thermal ink jet and modified-LIFT techniques 
have reported values of 70–95% and 95–100% respectively. The cell viability through the 
thermal ink jet process is reduced mainly because of the cytotoxicity of the printing 
medium. The multi-nozzle deposition system has demonstrated a cell viability of up to 
95% when using low dispensing pressures and large nozzle diameters. The other systems 
like LGDW, piezo-tip ink jet, and EHDJ techniques have demonstrated the system 
feasibility by printing viable cells, but the exact cell viability percentages have not been 
reported. 
 In addition to cell damage through cell printing, cells within the scaffold are also 
subjected to damage when placed in the in vivo environment. Tissues in the body undergo 
a continuous process of growth and re-modelling in response to a multitude of 
environmental cues including those biochemical and biomechanical in nature (Ingber, 
1997). For instance, it has been observed that with changes in mechanical loading 
conditions, bone changes its shape, density, and stiffness (Turner and Pavalko, 1998; 
Mullender et al., 2004). In case of blood vessels, they are capable of continuous adaptive 
change in response to varying shear stresses and blood pressures (Owens, 1996; 
Williams, 1998). However, abnormal mechanical loading conditions can also alter 
cellular function and change the structure and composition of the extracellular matrix 
(ECM), eventually leading to tissue or organ pathologies such as osteoporosis, 
osteoarthritis, tendinopathy, atherosclerosis, and fibrosis in the bone, (Chicurel et al. 
,1998; Grodzinsky et al.., 2000; Ireland et al., 2001; Ross, 1986). Therefore, 
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understanding and characterizing the degree of cell damage the in tissue scaffolds will 
not only help comprehend different pathologies caused by mechanical loads but also aid 
in developing new therapeutic approaches to treat these pathological conditions thereby 
providing new and better insight into engineering tissues for artificial organs. 
1.3. Analysis and characterization of cell damage 
  A number of experimental as well as numerical studies have been conducted in 
the field to understand the multifaceted complex cell mechanisms using both continuum 
and microstructural approaches. Studies have explored mechanical disturbance-induced 
cell damage for physiological and clinical applications, for example, bone-skeletal 
muscle contact-induced damage to muscle cells characterized by strain energy density 
(Breuls et al., 2003a, Bouten et al., 2001, Breuls et al., 2003b, Breuls et al., 2003c.,  
Breuls et al 2002), cell membrane models for cell injury under traumatic loading 
conditions (Barbee 2005, Evans and Skalak 1979a, Evans and Skalak 1979b, Evans and 
Hochmuth 1978, Boal 2002, Evans et al., 1976, Needhan and Nunn., 1990, Geddes et al., 
2001, Barbee et al., 1994, pleasure et al., 1992) shear-induced cell damage in blood 
trauma (Hochmuth et al., 1973), and hemolysis-based models (Song et al., 2004, Leverett 
et al., 1972, Blackshear et al., 1987, Kameneva et al., 2004, Blackshear et al., 1965, 
Giersiepen et al., 1990, Koller and Hawrylenko 1967).  
 An area investigating cell injury is the development of cell membrane models 
where the focus of the study includes analysis of the cell-membrane under traumatic 
loading conditions. The cell-membrane is composed of a lipid bilayer and this is assumed 
to behave as a fluid when subjected to in-plane deformations. The bending modulus for 
cell membranes is very small compared to the other moduli and therefore the bending 
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stresses are neglected except when the radius of curvature approaches molecular 
dimensions (Barbee 2005).  In this work, the lipid bilayer is assumed to behave as a fluid 
for in-plane shear deformation and this mode is characterized by a coefficient of 
viscosity. Here the surface stresses are related to the rate of deformation by two viscosity 
coefficients. When loads are applied to a membrane over time periods greater than the 
relaxation time constant, the membrane behaves elastically and the contribution from the 
viscosity component is negligible. On the other hand, when loads are applied over 
periods of time that shorter compared to the times constant, the material also behaves 
elastically but with a higher apparent stiffness because in this case the viscous component 
also resists the deformation. This is not the case with red blood cells since the plasma 
membrane of erythrocytes are very smooth compared to the irregular surfaces comprising 
of invaginations in other cells.  
 Galbraith and co-workers (Galbraith et al., 1993) used an isolated squid giant 
axon preparation used in the electrophysiologic studies of Hodgkins and Huxley 
(Hodgkin et al., 1952), but with a force transducer connected to one end of the axon and a 
displacement actuator attached to the other. Quasi-static elongation to 50% strain caused 
no change in membrane potential while dynamic stretches of 5–20% produced membrane 
depolarizations whose magnitude and duration were dependent on the applied strain. The 
study further determined that the depolarizations were due to the mechanical trauma 
alone. They did this by  the application of tetrodotoxin (TTX) and tetraethylammonium 
(TEA), blockers of sodium and potassium channels, respectively,  and observed that 
depolarization response was unaffected it suggesting a nonspecific, or leak, pathway due 
to mechanical trauma to the membrane. In another study (Pleasure et al., 1992) NT2 
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neurons were subjected to a 200-ms duration shear impulse of 50 dyn/cm2 with a 50-ms 
rise time in the presence of fluorescently conjugated 3000 MW dextran. The injured cells 
exhibited diffuse fluorescence throughout the cytoplasm, including neuritic processes. 
Retention of the tracer after rinsing 5 minute post injury indicated membrane resealing. 
The strategy has been to injure the cells in the presence of a fluorescently labeled 
molecule that normally does not cross the cell membrane Fluorescent labeling of the 
cytoplasm indicates both that the membrane became permeable to the tracer and that the 
membrane resealed to trap the tracer within the cell. Another group (Geddes at al., 2001) 
studied the strain-rate dependence of vascular smooth muscle cell injury. VSM cells were 
cultured on thin silicon membranes and subjected to biaxial strain impulses in the 
presence of fluorescently conjugated 3000 MW dextran using a device similar to that of 
Cargill. Membrane damage was quantified by the fluorescence intensity of the tracer 
trapped in the cells. The injury was observed to bestrongly strain-rate dependent over the 
range 0–1.5 s−. 
 Researchers have developed models analyzing cell damage in the case of red 
blood cells mainly because shear induced blood trauma is the biggest problem in the 
design of blood contacting artificial organs. The studies concentrate on identifying 
critical shear stress and exposure time required to produce hemolysis ( Song et al., 2004). 
Hemolysis, is defined as the breakdown or destruction of red blood cells, that causes the 
release of the protein called hemoglobin (Leverett et al., 1972, Blackshear et al., 1987). 
Giersiepen et al (Giersiepen et al., 1990) developed a correlation between shear stress, 
exposure time and extent of damage of erythrocytes by improvising on the Blackshear’s 
formulation (Blackshear et al 1965). Researchers (Koller and Hawrylenko., 1967) also 
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express blood damage in terms of Normalized Index of Hemolysis. These studies 
effectively quantify blood damage using tools like CFD and the models have been 
validated with experiments as well. Some of the challenges here are in experimentally 
determining the various constants involved. There is some discrepancy with regards to 
the physiological values of the constants. Also some of the studies (Kamneva et al., 2004) 
assume that the turbulent Reynolds stresses dominate the viscous stresses occurring in the 
region of interest. 
 Experimental studies analyzing blood cell damages include flow of blood through 
centrifugal blood pumps. Song and colleagues ( Song et al., 2004) investigated blood 
trauma in a magnetically suspended centrifugal pump. Red cells tolerate bending and 
folding to maneuver in the peripheral vessels; but, if extensive stretching of the 
membrane occurs, the cell could be irreversibly damaged or potentially destroyed. The 
cell membrane is fairly permeable to water, oxygen, carbon dioxide, glucose, urea, and 
certain other substances; it is impermeable to hemoglobin. Therefore, an indicator of 
erythrocyte damage is the amount of hemoglobin released into the plasma. This trauma is 
directly related to the impinging shear stress and exposure time to such stress. Kamneva 
and co-workers (Kamneva et al., 2004) studied the effects of turbulent stresses in 
mechanical blood damage (hemolysis). A suspension of bovine red blood cells (RBC) 
was driven through a closed circulating loop by a centrifugal pump. The temperature was 
maintained constant by immersing the entire circulating loop within a heated water bath. 
The differential pressure across the capillary was used to determine the wall shear rate. 
Blood samples were withdrawn every 30 min for measurement of plasma free 
hemoglobin as indicator of hemolysis and are plotted with varying shear rates. Blood cell 
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damage has extensively been studied and many of the constants required in the modeling 
areas have already been published and have been used time and again over many years. 
As a result, researchers in this area focus more on developing computational tools to 
analyze blood trauma using the existing experimental results. 
 Also, studies have focused on stress distributions by either magnetic twisting 
cytometry (Hu et al., 2003) or linear force magnetocytometry (Karcher et al., 2003). In 
other studies, the nature of the force-transmitting filaments is included in the theoretical 
analyses of tensegrity structures (Coughlin et al., 2003). These studies focus on the 
analysis of force transmission within the cell structure and attempt to explain the 
mechanisms of how the mechanical forces are transformed into chemical events within 
the cell. However, it does not provide any information regarding macroscopic loading 
effects at the tissue level or the transduction of forces experienced at the tissue level to 
the cellular level.  
 A multi-level analysis has been developed by Breuls et al (Breuls et al 2002) to 
analyze the damage in muscle fiber cells embedded in ECM. The material behavior of 
both cells and extracellular matrix was modeled with a nonlinear hyperelastic constitutive 
law. They further have developed a damage model which incorporates a time aspect and 
a tissue tolerance level that is based on in-vitro experiments. The study assumes that cells 
adapt to stress depending on their adaptive capacity α and get damaged when the strength 
of the deformative force over time exceeds a threshold level. This model introduces a 
cumulative damage parameter for each individual cell in the microstructure. Cell 
deformation is quantified by averaging the strain energy density (SED) over each cell. A 
damage law is formulated relating the damage parameter and a dimensionless parameter 
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called J. The term J represents the SED divided by the apparent stiffness of the cell. 
Though this model aids in quantifying cell damage it does not take into account cell 
recovery. It also does not incorporate the micro-structural changes arising form the 
deformations and cell damage. Also the model assumes only that cells are subjected only 
to compressive stresses. One of the most critical assumptions was that cell deformation is 
the predominant cause of cell damage.  
 To experimentally validate the skeletal muscle damage model, constructs of 
skeletal muscle myotubes embedded in a gel matrix (collagen and matrigel) were 
compressed under controlled environmental conditions (Breuls et al., 2003c). The 
relationship between compressive tissue straining and cell damage initiation was 
investigated. The constructs were subjected to gross compressive strains of 30% and 
50%.  To characterize the cells, the morphology of the cells within each construct was 
examined using a conventional transmission light microscope. CellTracker™ Green 
(CTG) and propidium iodide (PI) stains were used for staining the cytoplasm of living 
cells and to identify dead cells respectively. For each strain regime, images were taken 
from the central horizontal section of the constructs at different time points up to 8 hrs. 
Dead cell numbers were quantified by automated counting of nuclei from PI images. 
Since the constructs contain multinucleated myotubes, this is not exactly equal to the 
number of dead cells, since myotubes may be only partly damaged. Therefore, the ‘‘dead 
cells’’ should be interpreted as the number of PI stained nuclei which includes damaged 
cells as well.  Percentage cell damage was defined by the number of PI stained nuclei 
normalized by the average total number of nuclei within the central horizontal confocal 
plane of the compressed construct.  The percentages dead cells were analyzed as a 
 19
function of time for different straining regimes using SPSS (Breuls et al., 2003b, Breuls 
et al., 2003c). The results show that the increase in dead cell percentages with time was 
significant for the constructs subjected to 30% and 50% strain. At a 50% gross 
compressive strain level, 13.6% of the cells died immediately after strain application (t=0 
hrs) and constructs strained to 30% resulted in 8.2% initial cell damage, followed by a 
more gradual increase between 2 and 6 hrs. This study along with the numerical damage 
model provides information for analyzing the cause of ulcer formations from 
compressive strains.  
 Guilak et al. (Guilak et al., 2000) developed a multi-level biphasic finite element 
model of the chondrocyte within an explant of cartilage to characterize and predict the 
biomechanical interactions between the chondrocyte and the extracellular matrix; and 
also to determine the influence of cell and tissue properties on the local stress-strain 
environment. In their work it is assumed that cells do not contribute to the mechanical 
properties of the tissue; and a single chondrocyte under unconfined compression is 
considered.  Although numerical analyses demonstrated the presence of micro-level 
physical and geometrical heterogeneity in terms of the cell stress and deformation, the 
degree of effects as well as the dominance among various parameters remains 
unanswered. For instance, Caille et al. found that the nucleus and the cytoplasm have 
considerable differences in terms of material properties (Caille et al., 2002); and such 
differences may not be negligible, especially at the micro-level. Also, implementing a 
three dimensional approach to characterize the tissue constructs and analyze cell damage 
would provide a more realistic approach to capture cell behavior. 
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 For specific applications in tissue engineering and regenerative medicine, it is 
important to understand how external loads are transferred to the tissues, how the cells 
sense these loads, and how the signals are translated into the cascade of biochemical 
reactions to produce cell expression or differentiation. These loads could be from the 
bioprinting process, or from other systems like bioreactors where scaffolds are subjected 
to an environment to mimic the in vivo environment. It becomes significantly important 
to identify and capture the forces and /or deformations at the cellular level when the 
scaffold is subjected to macroscopic forces. Mathematical models to compute the stresses 
in the micro-environment of encapsulated cells would further aid in maintaining and 
controlling the cell phenotype to form functional tissue in an engineered construct. 
1.4. Research Objectives and Approach 
 This research focuses on the development of a computational modeling 
framework for the analysis of mechanical load induced cell damage in bioprinted tissue 
constructs. The specific research objectives are:   
(1) To develop a multi-scale modeling approach to analyze and characterize the 3D 
stresses and/or deformations of the cell when the bio printed tissue construct is subjected 
to macro-scale compressive loads. Specifically, this methodology aims at quantifying the 
3D stresses and deformations in the micro-scale level comprising of multiple cells, and 
studying cell damage at a cellular level wherein individual cell components like the 
nucleus and cytoplasm are modeled. 
(2) To develop strain energy based damage criteria for the single cell as well as to 
formulate a damage parameter for determining the degree of cell damage in a cell. Also, 
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to develop a model to predict cell viability when tissue scaffolds are subjected to macro-
scale loads.  
(3) To develop computational methodology to characterize the structural and mechanical 
properties of alginate based three dimensional tissue constructs. 
(4) To characterize the freeform based bioprinting process for analysis of cell apoptosis. 
This study characterizes and quantifies the biofabrication induced damage on living cells. 
It aids in determining, controlling, and eventually designing the optimal biofabrication 
parameters to manufacture cell assemblies with the desired biological function. 
 In this study, we hypothesize that when a functioning live cell is impinged upon 
by the bio-deposition process, the array of mechanical forces sustained by the cell may 
result in three distinctive outcomes (Figure 1.3). In the first scenario, the cell would be 
unaffected by the forces and will continue to live maintain its phenotype. The second 
possibility is that the forces could irreversibly damage the cells leading to necrosis. In the 
third scenario, the forces could induce a certain degree of damage which is reversible in 
nature. Thus, it becomes highly imperative to be able to monitor, control and optimize the 
process parameters to facilitate the printing cells for controlling the state of the cell and 
fabricating functional tissue.  
 22
 Figure 1-3:  Effects of bioprinting system on cells 
 
 The multi-scale computational modeling methodology that has been developed 
and implemented in this work for the analysis of mechanical load induced cell damage 
model is shown in Figure 1.4. The macroscopic tissue scaffolds are printed using the 
multi-nozzle bioprinting system. The process parameters for printing scaffolds with 
minimal damage to cells are determined experimentally. The printed tissue scaffold is 
then subjected to uniaxial compression to mimic the in vivo environment. Macro-level 
numerical models are developed to simulate the experimental conditions and to 
characterize the scaffold’s macroscopic nonlinear properties. The macro scale numerical 
model also provides macro-scale deformation which is mapped to the next scale multi-
cellular model. At the next scale, a multi-cellular computational model is developed to 
determine the stresses and/or deformations at this scale. The quantified 3D stresses and 
deformations from the multi-cellular model are then mapped to the single cell model. At 
the third scale, a single cell model is developed to capture the behavior of the nucleus and 
the cytoplasm under macroscopic loads. Finally, a damage criterion is developed to 
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predict the degree of damage in the cell when the tissue scaffold is subjected to loads. A 
damage parameter is also formulated for each cell to determine the degree of damage 
induced to the cells. Additionally, a stochastic simulation is also developed to predict the 
cell viability when the tissue scaffold undergoes compressive loading. 
 
 
Figure 1-4: Schematic of overall multi-scale methodology for analysis of single cell 
 
1.5. Thesis outline 
 This thesis is outlined as follows. 
 Chapter 2 presents the bioprinting characterization process. The multi-nozzle cell 
printing system has been characterized and optimized by assessing and quantifying the 
degree of cell injury, when encapsulated endothelial cells are printed via the bio-
deposition system. This study enables us to quantify the degree of cell damage resulting 
from implementing different sets of process parameters using an apoptosis assay. 
Specifically the effects of dispensing pressure and nozzle diameters on cell apoptosis has 
been quantified and studied. Also, a mathematical model has been developed to correlate 
the process parameters to predict the degree of cell damage through the system.   
 Chapter 3 describes the numerical procedure developed to characterize the 
structural and mechanical properties of the tissue scaffold. The model includes two 
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sequential steps: 1. determine the mechanical properties of a bulk gel-like material e.g. 
alginate and, 2. predict the global mechanical behavior of any given construct geometry 
using obtained bulk material properties. In this study, we focused on determining the best 
constitutive model for the nonlinear behavior of alginate-cell mixture, and developing a 
novel mathematical model wherein the bulk material constants are formulated as a 
function of alginate concentration/viscosity. After obtaining the mechanical properties of 
bulk alginate, numerical examples were used to demonstrate the applicability of the 
developed computational model. 
 Chapter 4 explains the computational process developed to quantify the effects of 
micro physical and geometric heterogeneity on the endothelial cells encapsulated in 
alginate gel under load, via the 2D multi-level finite element approach. Two different 
concentrations of alginate gel create different mechanical environments and the effects of 
the material stiffness have been modeled to quantify cell deformation and stress 
distribution within the constructs. The effects of modeling the cell, with and without a 
distinction between the cytoplasm and nucleus in terms of material properties were also 
studied. Finally, this study also analyzes the effects of two geometrical parameters 
namely cell size and cell distribution on the local stress levels of the cell. This further 
enables us to understand the differences in terms of stresses and deformations at the 
cellular levels when cells are isolated versus a state when cells form clusters.  
 Chapter 5 describes the development of the 3D multi-scale approach to analyze 
single cell damage. This methodology characterizes the macro-scale structural behaviors 
of the scaffold, quantifies 3D stresses and deformations in the micro-scale level 
comprising of multiple cells, and studies cell damage at a cellular level wherein 
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individual cell components like the nucleus and cytoplasm are modeled. In addition, the 
damage model along with the stochastic simulation aids in not only predicting the state of 
a single cell when the tissue scaffold is subjected to compressive loads, but also in 
predicting the percentage cell viability within the scaffold. 
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CHAPTER 2 BIOPRINTING PROCESS AND EXPERIMENTAL 
CHARACTERIZATION 
 
2.1. Bioprinting cells 
A number of studies have reported the cell viability through the different cell 
printing systems (Odde et al., 2000, Odde et al., 1999, Ringeisen et al., 2004, Boland et 
al., 2003, Mironov et al., 2003, Wilson and Boland., 2003, Jayasinghe et al., 2006, Chang 
et al., 2008).The different cell printing systems like laser guided writing system, laser 
induced forward transfer system, thermal jet printers, piezo tip jet printers, 
electrohydrodynamic printers and multi nozzle deposition printing systems have been 
elaborated upon in the Chapter 1. The thermal ink jet and modified-LIFT techniques have 
reported percentage of viable cells post-printing as 70-95% and 95-100% respectively 
when assayed using fluorescent microscopy and live/dead cytochemical staining 
experiments. The cell viability in the thermal ink jet process is reduced because of the 
cytotoxicity of the printing medium. It has been indicated that shorter print times 
increases viability (90%) and longer print times decreases viability (70%). LG DW, 
piezo-tip ink jet, and EHDJ techniques have demonstrated the ability to print some 
fraction of cells viably, but future experiments need to investigate the specific percentage 
of cells that remain viable post-printing to completely compare to other published 
methodologies. Chang and colleagues have demonstrated that the cell viability through 
the multi nozzle pressure driven bioprinting processes varies as a function of process 
parameters. For instance, with increasing dispensing pressure and reduced nozzle tip 
diameter the cell viability through the system reduces significantly (Chang et al., 2007). 
Table 2.1 compares the resolution and cell viability of the four different cell printers. 
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Table 2-1: Comparison of feature size and cell viability through different cell printers 
Cell printing method Resolution (microns) Cell viability (%) 
Laser guided direct writing 10-30 - 
Laser induced forward transfer 
technique 30-100 95-100 
Thermal ink jet >300 75-90 
Piezo ink jet - - 
Electrohydrodynamic jetting 50-1000 - 
Multi nozzle bioprinter 50-450 75-95 
 
Though previous studies report cell viability, little information is available on the 
degree of damage induced through the different systems. To characterize the degree of 
cell damage through the system, in this part of the study we hypothesize that when a 
functioning live cell is impinged upon by the bio-deposition process, the array of 
mechanical forces sustained by the cell may result in three distinctive outcomes either 
live, dead or apoptotic cell. Normal cells respond to stress and injurious stimuli by 
undergoing adaptation. Cells which are unable to adapt, undergo cell injury followed by 
cell death. Cell injury can be reversible (early apoptosis) wherein normal homeostasis is 
restored or irreversible (late apoptosis/necrosis/dead) wherein cells die (Savil and Fodok., 
2000, Dursan et al., 2006, Frade 2000, Borrelli et al., 2003, Zeini et al., 2006). A brief 
explanation of the meaning and biological relevance of these terms is elaborated here.  
Apoptosis (“normal” or “programmed” cell death or “cellular suicide”) is the 
physiological process by which unwanted or compromised cells are eliminated during 
development and other normal biological processes (Hengartner, 2000). Apoptosis is 
stimulated by several cell surface receptors, including caspase activation. The antigen-
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antibody reaction on cell surface induces signal transduction resulting into caspase 
activated programmed cell death (Hengartner, 2000). In case of early apoptosis there are 
three main mechanisms by which it occurs. First, is the signal transduction following the 
binding of caspase results into the activation of the enzyme caspasases which are 
responsible for initiation and execution of the apoptotic process. Secondly, during early 
stages of apoptosis the alteration in plasma membrane occurs resulting into exposure of 
phosphatidylserine (PS) from inner surface to outer surface of the cell membrane). 
Finally, mitochondrial permeability is altered and apoptosis specific protease activators 
are released from mitochondria. This includes cytochrome C release from mitochondria 
to cytoplasm (Hengartner, 2000). This is a reversible stage of apoptosis if the agents 
responsible for apoptosis are removed. In case of late apoptosis the nuclear DNA 
fragmentation is the hallmark of the apoptotic process. Increase in intracellular calcium 
and magnesium is responsible for the DNA fragmentation (Rich et al.,.2000).This is an 
irreversible stage resulting into cell death.  
Conversely, cell death can occur by either of two distinct mechanisms, necrosis or 
apoptosis. Necrosis (“accidental” cell death) is the pathological process which occurs 
when cells are exposed to a serious physical or chemical insult (Savil and Fodok., 2000). 
Necrosis occurs when cells are exposed to extreme variance from physiological 
conditions which may result in damage to the plasma membrane. Necrosis is due to 
inability of cells to maintain internal environment. This causes cells to swell and 
ultimately rupture because of the influx of water and extracellular ions causing cell lysis. 
Due to the breakdown of the plasma membrane, the cytoplasmic contents including 
various enzymes are released into the extracellular fluid resulting into extensive tissue 
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damage and inflammatory response. However, necrosis is often difficult to assess in an 
in-vitro laboratory environment and therefore in this study, late apoptosis is the 
mechanism used to determine irreversible cell damage (Savil and Fodok., 2000). As seen 
in Figure 2.1 apoptosis is distinguished from cellular necrosis by morphologic criteria. In 
contrast to necrosis, which is characterized by cell and organelle swelling, apoptosis is 
characterized by nuclear compaction (pyknosis), nuclear fragmentation (karyorrhexis), 
and cytoplasmic shrinkage (Savil and Fodok., 2000, Borrelli et al., 2003). 
 
Figure 2-1: Differences in necrosis and apoptosis (Savil and Fodok., 2000) 
 
In this part of the study, a proprietary solid freeform fabrication based cell 
printing system shown in Figure 2.2 has been developed for creating freeform 3D tissue 
constructs and for dispensing cells (Khalil and Sun, 2007; Khalil et al., 2005). The cell 
printing system operates at room temperature and allows for deposition of cells, growth 
factors, or other bioactive compounds in controlled amounts with precise spatial 
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positioning. For this study the pneumatic micro valve (EFD Inc., East Providence, RI) 
was used to evaluate cell status under different printing parameters. To study the effects 
of dispensing pressure and nozzle tip diameter, the cell–alginate mixture was printed at 
pressure ranges from 5 psi to 40 psi using nozzle tip diameter in the range of 150 microns 
to 400 microns. For each set of parameters, samples were printed of which three samples 
were analyzed with apoptotic assay immediately after printing. For each parameter, one 
sample was used to analyze membrane and nuclear damage as well.  
 
 
Figure 2-2: Schematic of the solid freeform fabrication based  cell printing system 
along with system configuration 
 
 
2.2. Material and methods  
2.2.1. Cell Culture and encapsulation 
Rat adrenal medulla endothelial RAMEC cells (ATCC, MA) were cultured in 
Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10 % fetal bovine 
serum (FBS), 2 mM L-glutamine, 10000 IU Penicillin, 10000 µg/ml Streptomycin and 25 
µg/ml Amphotericin-B. They were maintained in the incubator at 5% CO2 and 37°C. To 
prepare the polymer solution, medium viscosity sodium alginate powder (Sigma, St. 
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Louis, MO) was dissolved in deionized water as a 1.5% (w/v) solution. The alginate 
solution was sterilized by serial filtration through 0.8, 0.4 and 0.2 filters. The cells were 
gently mixed in viscous sodium alginate solution with pasteur pipette to ensure a uniform 
cell distribution. Hemocytometer readings measured the cell concentration at 1x106 
cells/mL of alginate biopolymer solution. Endothelial cells were chosen because of its 
usefulness in angiogenesis and potential use in cardiovascular engineering (Bader et 
al.,1998).  
2.2.2. Quantifying Apoptosis by Annexin V  
To quantify live, apoptotic and necrotic cells as a function of the mechanical 
perturbations induced by the process parameters, samples printed implementing each 
parameter were treated with the Annexin V staining kit (Biovision, Mountainview, CA) 
following manufacturer’s protocol. During early stages of apoptosis the alteration in 
plasma membrane occurs resulting into exposure of phosphatidylserine (PS) from inner 
surface to outer surface of the cell membrane (Shounan et al., 1998; Vermesa et al., 
1995). Annexin-V is a protein that specifically binds PS. When used in conjunction with 
dye measuring membrane integrity (such as Propidium iodide), early apoptotic cells 
(annexin-V positive only) can be distinguished from late apoptotic/necrotic cells 
(annexin-V and membrane integrity measuring dye positive). Live cells do not bind to 
any dye, early apoptotic cells bind to annexin-V only, and dead cells bind to both dyes 
(Vermesa et al., 1995). Figure 2.3 is a schematic that explains the principle of the assay. 
The percentage of live, apoptotic and dead necrotic cells were then estimated as described 
by other studies (Shounan et al., 1998). Briefly, cells from each sample were treated with 
5ml PBS and centrifuged for 10minutes to collect the cell pellet for Annexin V assay. 
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The cells were resuspended in 500 μl of 1X Binding Buffer and 5μl of Annexin V-FITC 
and 5μl of propidium iodide (PI) was added to each sample. The cell suspension was 
placed on a glass slide and covered with a glass cover slip. The samples were then 
viewed under a fluorescence microscope using a dual filter set for FITC & rhodamine. 
Cell sorting was carried out by the process described else where (Shounan et al., 1998)..  
 
Figure 2-3: Principle of Annexin V assay 
 
Analysis was first performed by segregating the samples into three experimental 
groups according to different nozzle diameters of 150 μm, 250μm, and 400μm.  For each 
nozzle diameter, the dispensing pressures were varied and studied at 5 psi, 10 psi, 20 psi, 
and 40 psi. 
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 Figure 2-4: Optical and fluorescent images of control samples (dispensed using a pipette) 
Figure 2.4 shows the optical image along with the fluorescent image indicating 
the apoptotic and necrotic cells of the control samples. The optical image shows the total 
number of cells in a particular field of view. The fluorescent image is taken at the same 
field of view and indicates the apoptotic cells (cells stained as green only) and necrotic 
cells (cells stained with red only and cells stained with red along with green). The number 
of apoptotic and necrotic cells are thus manually counted from the field of view. The 
number of live cells is calculated by subtracting the number of apoptotic and necrotic 
cells (from the fluorescent images) from the total number of cells (from the optical 
images). From five high-power fields per sample, a minimum of 100 cells were counted 
from each field. Results were expressed as number of apoptotic, live and necrotic cells 
per 100 cells. For each set of process parameters, three samples were analyzed 
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Figure 2-5: Optical and fluorescent images of samples printed at 5psi with 150microns 
nozzle tip 
 
Figure 2.5 shows the optical and fluorescent image of samples printed with a 
nozzle diameter of 150microns with 5psi pressure.  It can be observed from the optical 
image that cells printed with smaller nozzle tips look smaller in size or seemed to have 
shrunk in size. For the same nozzle tip, when cells were printed at higher pressures the 
number of dead cells increased significantly. This can be seen qualitatively from the 
fluorescent apoptotic images (Figure 2.4 - 2.6) and quantitatively from the graphs shown 
in Figure 2.7-2.9 
 
 
Figure 2-6: Optical and fluorescent images of samples printed at 40psi with 150microns 
nozzle tip 
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Figure 2.7 indicates the decrease in percentage live cells with increasing 
dispensing pressure and decreasing nozzle tip diameter. Figure 2.8 and 2.9 indicate the 
increase in percentage injured and necrotic with increasing dispensing pressure and 
decreasing nozzle tip diameter. It is seen that the effect of pressure is significantly larger 
than the effect of the nozzle diameter. At higher pressures, there is an increase in the 
number of injured cells as well as necrotic cells. 
 
Figure 2-7: Percentage of live cells as a function of dispensing pressure for 
different nozzle tip diameters 
 
 
Figure 2-8: Percentage of injured cells as a function of dispensing pressure for different 
nozzle tip diameters 
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Figure 2-9: Percentage of dead cells as a function of dispensing pressure for different 
nozzle tip diameters 
 
Figure 2.7-2.9 suggests that cell viability varies with dispensing pressure and 
nozzle diameter. The cell viability decreases as the pressure increases and the nozzle 
diameter decreases. It is seen that the effect of pressure is significantly larger than the 
effect of the nozzle diameter. At higher pressures, there is an increase in the number of 
injured cells as well as necrotic cells. It is interesting to note that in all the different 
scenarios the number of injured cells is less than 10%. This could be due to the severity 
of damage especially caused at high pressures leading to cell death directly. Moreover, it 
can be observed that the degree of cell damage is higher due to effects of pressure rather 
than due to the effects of nozzle tip diameter. Statistical analysis proved that all the 
average numbers representing the percentage of live, dead and apoptotic cells taking into 
account the combined effects of pressure and nozzle diameter were significantly different 
at  statistically significant level P <0.05. 
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2.2.3. Detection of Nuclear damage by dual nuclear and membrane stain 
 To view the morphological alterations in the nucleus and the cell membrane as a 
function of process parameters , printed samples were counterstained with specific DNA 
stain Hoechst 33342  and cell-impermeant Alexa Fluor ® 594 wheat germ agglutinin 
(WGA)(Molecular Probes, Invitrogen) which fluoresces nucleus in blue and plasma 
membrane in red. Fluorescent microscopy was carried out to visualize condensation of 
nuclear chromatin (pyknosis) and/or nuclear disintegration and dissolution (karyolysis) to 
estimate the extent and type of cell injury. The DNA stain along with the membrane stain 
allows for visualizing the morphological changes in the samples. Compared to the control 
samples and samples printed under moderate process parameters  (400microns nozzle tip 
diameter and dispensing pressure of 5psi), samples exposed to extreme conditions (nozzle 
tip diameter of 150microns and high dispensing pressure of 40psi) indicated pyknosis  as 
well as karyolysis (Figures 2.10) 
 
Figure 2-10: Samples counterstained with DNA stain Hoechst 33342  and cell-
impermeant Alexa Fluor ® 594 wheat germ agglutinin (WGA): (a) Unprinted (b) 
Samples printed at 5psi with 400μ nozzle (c) Samples printed at 40psi with 150μ nozzle 
indicating pyknosis and karyolysis (indicated by arrows) 
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Also, the morphological changes in the nucleus due to variations in pressure and 
nozzle tip diameter are clearly visible in Figure2.11. High dispensing pressure and small 
nozzle diameter leads to pyknosis and karyolysis which lead to cell death and low cell 
viability. Whereas printing at lower dispensing pressures and using larger nozzle 
diameters do not show any visible morphological damage to the nucleus. Clearly, high 
pressure and small nozzle diameters induce more damage to the cells as reflected 
quantitatively in the Annexin V kit and qualitatively in the DNA staining 
 
Figure 2-11: Optical and fluorescent images showing the morphological changes in the 
cell with different process parameters 
 
The statistical significance for experimental data was determined by two way 
analysis of variance (ANOVA) since the study incorporated effects of two independent 
variables, dispensing pressure and nozzle diameter.  The paired wise test was combined 
with the Tukey post-hoc test at the significance level of less than 0.05 (P <0.05) using 
SPSS® version 15 for Windows® software package. 
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 2.3. Quantitative modeling of cell damage for process parameters 
To relate the cell viability to process parameters, a phenomenological model was 
derived from the experimental data. In this approach the applied dispensing pressure (P) 
and the nozzle diameter (D) were taken into consideration. The printing system allows for 
independent adjustments of P and D and therefore they were assumed to be the 
independent variables in this formulation. A complete second-order model with two 
independent variables can be expressed as; 
2
25
2
1421322110)( xxxxxxyE ββββββ +++++=                 (2.1) 
where, E(y) is the expected value (the mean value) for percentage of live cells (PL),  
percentage of injured cells (PI), and percentage of dead cells (PD) ; x1 and x2 represent the 
independent variables  nozzle diameter and pressure. The constants β0 through β5  were 
derived by correlating the experimental data wherein percentage live, apoptotic and dead 
cells were determined for a range of process parameters.                             
During the printing process, cells suspended in the alginate solution also 
experienced shear stress that was induced by the subjected pressure.  Multitude 
parameters affect the maximum shear stress, including the pressure applied, nozzle size, 
alginate concentration etc. Figures 2.12-2.14 indicates the predicted PL , PI and PD as 
functions of the pressure and the nozzle diameters. The predicted equations of percentage 
of live, apoptotic and necrotic cells expressed as a function of dispensing pressure and 
nozzle diameter are as follows; 
     (2.2)                        22
2
12121 000352.076.00061.00268.0655.08563.0)( xxxxxxPE L +−+−+=
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2
12121 0283.000003488.0002754.000297.00469.0037.0)( xxxxxxPE I +−−+−= (2.3)  
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Figure 2.12: Surface plot for percentage live cells as a function of process parameters 
 
 
Figure 2-12: Surface plot for percentage dead cells as a function of process parameters 
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Figure 2-13: Surface plot for percentage injured cells as a function of process 
parameters 
 
As indicated from previous sections, the percentages of live cells, injured cells, 
and dead cells, denoted as PL, PI and PD respectively, were determined through image 
analysis for all test samples and statistical analyses were performed. Assuming PL, PI and 
PD  for a given condition follow the normal distribution, the mean values and standard 
deviations can be determined. Figure2.15 depicts PL distributions for test samples with 
150 micron nozzle diameter. The shift in the curve clearly indicates significant effect of 
pressure on cell viability. As seen in the figure there is a decrease of 6.25% in the 
percentage of live cells at 10psi and 150 microns compared cells dispensed at 5psi with 
the same nozzle. Similarly the percentage of cells reduces significantly by 38.75% when 
constructs are printed at 40psi compared to those printed at 5psi. The trends were similar 
when the nozzle sizes were changed to 250 microns as well as 400micron. At low 
pressures (5psi) the cell viability through a 150micron nozzle was reduced to 4.76 % as 
compared to the cell viability through a 400micron nozzle.  
 42
   
 
Figure 2-14: Probability density plot of percentage live cells when cells were printed 
using 150μ nozzle tip diameter at pressure of 5psi, 10psi and 40psi 
 
As seen in Figure 2.7-2.9, the effects of dispensing pressure are more significant 
on cell viability than the varying nozzle diameter. Also, the synergistic effects of both 
dispensing pressure and nozzle diameter significantly affect the percentage of live, 
injured and dead cells. For instance while using a 250microns nozzle tip, the cell viability 
through the system reduces to less than 50% when the maximum shear stress increases 
beyond 150KPa. This indicates that the damage caused at such shear stresses is 
irreversible and leads to cell death.  The current model takes into account the two process 
parameters dispensing pressure and nozzle tip diameter. Other parameters such as 
alginate concentration have previously been optimized for cell viability as well as 
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structural integrity (Khalil and Sun, 2007; Khalil et al., 2005). The effect of time duration 
of printing, on cell viability is assumed to be minimal since the printing process was 
completed in 15minutes.  This modeling technique allows for better control and monitors 
the state of the cell within the system.  
 Though using low pressures and bigger nozzle tips are favorable for cell printing; 
it is important to take into consideration the drawbacks of using such process parameters 
as well. For instance, while using larger nozzle tips the structures that are produced are 
invariably going to be larger in dimensions. However this characterization study enables 
parameter optimization to produce constructs of required dimension with minimum 
degree of damage.  For example, in order to produce constructs in the range of 
150microns the dispensing pressure should be set to 5-10psi. It should also be noted that 
the data is specific to endothelial cells and is likely to change when different cell types 
are used in the system. This study effectively characterizes the degree of damage induced 
in endothelial cells; however the study does not detect any alterations in phenotype 
and/or function. While the focus of this study has been to optimize the process 
parameters to minimize cell injury at the time of printing, it must be noted that it does not 
attempt to explain effects of process parameters on cell function especially over longer 
periods of time. 
2.4. Conclusions 
 In this study, the multi-nozzle cell printing system has been characterized and 
optimized by assessing and quantifying the degree of cell injury, when encapsulated 
endothelial cells are printed via the bio-deposition system. This study enables us to 
quantify the degree of cell damage resulting from implementing different sets of process 
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parameters using an apoptosis assay. Specifically the effects of dispensing pressure and 
nozzle diameters on cell apoptosis has been quantified and studied. This study 
demonstrates that the effects of dispensing pressure on cell viability are significantly 
higher compared to the nozzle tip diameter. The percentage of live cells reduces 
significantly by 38.75% when constructs are printed at 40psi compared to those printed at 
5psi using the same nozzle. This provides a mechanism for user’s of the bioprinting 
system to select optimal process parameters for printing cells with minimal damage.   
 Also, a mathematical model has been developed to correlate the process 
parameters to predict the degree of cell damage through the system.  Relating the process 
parameters to predict cell viability allows us to better control and regulate cell damage 
through the process. This study provides a scientific basis for characterizing and 
optimizing bioprinting processes in the area of biomanufacturing of functional tissue 
constructs. It characterizes cell apoptosis as soon as the constructs are printed through the 
system. This study can be further extended over longer periods of time to analyze cell 
recovery. Furthermore, functional characterization of the cells as a function of process 
parameters would provide more insight into whether the printing process is altering or 
maintaining the phenotype of the cells. 
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CHAPTER 3 COMPUTATIONL MODEL FOR THE PREDICTION OF 
STRUCTURAL PROPERTIES OF ALGINATE TISSUE SCAFFOLD 
 
3.1. Development of numerical model for analysis of tissue scaffolds 
 
Scaffold guided tissue engineering is an innovative approach wherein cells are 
seeded onto biocompatible and biodegradable materials to form 3D constructs that, when 
implanted in the body facilitates the regeneration of tissue. Tissue scaffolds act as 
artificial extra cellular matrix providing the environment conducive for tissue growth. 
Cell-substrate interactions are significantly affected by key tissue construct design 
parameters which include topology, mechanical and chemical properties. Cellular 
responses are influenced by numerous factors such as pH, osmolality, temperature, ion 
concentrations, electrical fields, surface chemistry, topography and overall mechanical 
properties of the substrate (Wong et al., 2004). These factors control cell adhesion, 
migration, differentiation, proliferation and overall cellular functions. Specifically among 
them, cellular proliferation and organization can be controlled by varying the mechanical 
properties of the matrix. To better understand this phenomenon, it is necessary to be able 
to predict the mechanical properties of a given matrix geometry. Characterization of 
scaffold properties is also necessary to better understand the underlying processes 
involved in controlling cell behavior and formation of functional tissue. In this phase of 
the research, we have developed a novel computational modeling approach to 
characterize mechanical properties of 3D gel-like biomaterial, specifically, 3D alginate 
scaffold encapsulated with cells. Alginate has been chosen as the biomaterial primarily 
because it is a proven material in many tissue engineering applications (Drury et al., 
2003).  Alginate’s inherent nonlinearity and variations arising from minute changes in its 
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concentration and viscosity make experimental evaluation of its mechanical properties a 
challenging and time consuming task. We have developed an in silico model to determine 
the stress-strain relationship of alginate based scaffolds from experimental data.  
The overview modeling process for the characterization is depicted in Figure 3.1. 
The model includes two sequential steps:  
[1] Determine the mechanical properties of a bulk gel-like material e.g. 
alginate and,  
[2] Predict the global mechanical behavior of any given construct geometry 
using obtained bulk material properties.  
In Step 1, the bulk material properties of alginate were traditionally determined from 
experiments. The gel was formed by cross linking the sodium alginate with calcium 
chloride in a controlled manner.  The bulk property experiments were repeated by 
varying the concentrations of sodium alginate and calcium chloride. An adequate material 
model is a necessary ingredient for quantitative analyses. In this study, we focused on 
determining the best constitutive model for the nonlinear behavior of alginate, and 
developing a novel mathematical model wherein the bulk material constants are 
formulated as a function of alginate concentration/viscosity. After obtaining the 
mechanical properties of bulk alginate, we proceeded to step 2 where in numerical 
examples were used to demonstrate the applicability of the developed computational 
model. 
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Figure 3-1: Overall modeling approach to determine stress-strain curve of 3D alginate 
based tissue scaffolds 
 
3.2. Selection of constitutive material model for alginate 
 In literature the stress strain behavior for gel like material has been modeled by 
different approaches i.e. the Statistical Mechanics Treatment of rubber elasticity, the 
Invariant Based Continuum Mechanics Approach, and the Stretch Based Continuum 
Mechanics Approach (Boyce et al., 2000). In order to determine the proper material 
model, a single element model was tested with the various hyperelastic material models 
built in ABAQUS (version 6.3), specifically, Neo-Hook, Mooney-Rivlin and Ogden 
(ABAQUS 2002). Here, we assume that alginate does not exhibit viscoelastic properties 
since the model intends to predict the mechanical properties of the scaffold at the instant 
it has been fabricated. The obtained stress-strain curves were plotted along with the 
experimental test curve.  
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 It is noted that the experimental data is needed in the process. In the present study, 
uniaxial compression tests were performed to measure the mechanical properties of 
alginate (Manugel) using a 4442 Instron mechanical tester (Instron Corporation, Canton, 
MA). Gel samples were prepared in a cell culture 24-well plate. Solutions with alginate 
concentrations varying from 1 %( w/v) to 3 %( w/v) was cross linked with 0.5% calcium 
chloride to form 12mm thick 6mm diameter alginate discs. Six specimens were tested for 
each concentration and a maximum compressive strain of up to 40% was applied to 
obtain the stress-strain curve. We observed that even a slight change in alginate 
concentration over the range of 1% to 3 %( w/v) altered the mechanical properties of the 
constructs significantly. Specifically, the stiffness of the alginate increased with increase 
in concentration. 
 With the obtained experimental data, the Marquardt Levenberg nonlinear least 
square optimization (MLNLS) algorithm was used to fit the experimental data with the 
Neo Hook, Mooney-Rivlin and Ogden models. The single element tests were conducted 
for all alginate concentrations, Figure 3.2 depicts the comparison among the stress-strain 
curves from all three models and test data with alginate concentration as 1.5%. As seen 
from the graph the hyper-elastic Ogden polynomial correlates well with the experimental 
data.  It produces a much closer approximation to the test data of the non linear hydrogel 
than the other strain energy density functions.  
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 Figure 3-2: Stress-strain plot for different constitutive material models  
 
 Among the three models considered, the Neo-Hookean model uses the simplest 
formulation for the strain energy density functions as given  
                                                                                                   (3.1) (10 1 3NHW C I= − )
This model is generally used for cases with small nominal strains and it has limited 
accuracy because of the presence of only one constant. In the Mooney-Rivlin model, the 
strain energy potential (Boyce et al., 2000) is given by 
( ) ( )∑∞
=
−−=
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jIiIijCMRW                                                 (3.2)  
 This model is derived by finding an expression for the strain energy such that the 
modulus was independent of the shear strain. This model is capable of taking into 
account the deviations arising from other Gaussian and Neo-Hookean models. While, in 
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the aforementioned two models, the strain energy density function is expressed in terms 
of the stretch variants, in the Ogden model (Ogden., 1972), the strain energy is expressed 
in terms of the principal stretches as given below 
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 Here,μn and αn are material constants, and n is the degree of summation that can 
be varied to best fit the data at hand. The Ogden model possesses additional flexibility 
and, hence, is a popular model. Again, the constants are obtained by using the MLNLSO 
algorithm to fit the data curve. The algorithm minimizes the error E between the 
experimental stress Texp and the nominal stress Ti calculated from the Ogden strain energy 
polynomial. 
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 Although physical meanings associated with the constants are often not clear in 
phenomenological models, the Ogden material constants can be related to the shear 
modulus as given below. 
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3.3. Mathematical formulation to link the Ogden material constants with physical 
parameters 
  
As mentioned earlier, our experimental observation indicates that the mechanical 
properties of alginate gels do change with the concentrations of the solutions used.  For 
instance, a 1.5%w/v alginate solution and a 3%w/v alginate solution have very different 
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stiffness values.  Therefore the material constants used in the corresponding numerical 
model have to be experimentally derived for each altered alginate concentration. Clearly, 
such repetitive experiments are costly and time consuming, and a model for the 
relationship between the material constants and the alginate concentrations is highly 
desirable. In the subsequent section we propose a mathematical approach to address this 
need.  
3.3.1 Effect of alginate Concentration 
 We assume that the specimens are completely gelled in case of the experimentally 
determined mechanical properties, and hence, the mechanical properties are primarily 
determined by the alginate concentrations.  This assumption is justified because once the 
structure is completely gelled no additional amounts of CaCl2 can change the mechanical 
properties to a great extent. In the case that the specimen is partially gelled, it is necessary 
to address the effects of time and CaCl2 concentration. 
 Consider the Ogden polynomial function with N=3 as in (3).  Six constants, μ1, 
μ2, μ3, α1, α2, and α3, can be assumed as a function of alginate concentration, denoted as 
C, and given as. 
' '''
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where ki and ki’(i=1,2,3,4) are constants. Using the MLNLS Algorithm in ABAQUS 6.3, 
we derive the Ogden material constants for various alginate concentrations, keeping the 
calcium chloride concentration as 0.5w/v and the gelation time as 24 hrs.  Figure3.3 and 
3.4 are plots showing the variation in constants μ1, μ2, μ3 at gelation times for 10 minutes 
and 24 hrs. Figure3.5 and Figure3.6 indicate the plots for constants α1, α2, and α3 at 
 52
gelation times of 10 minutes and 24 hrs respectively.  It is seen that as long as the 
gelation time and the calcium chloride concentrations are maintained at a constant value 
the Ogden constants are dependent on the alginate concentration in a defined way shown 
in the graphs below. 
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Figure 3-3:  μi vs. alginate concentration for gelation time=10 min 
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Figure 3-4: μi vs. alginate concentration for gelation time=24hrs 
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Figure 3-5: αi vs. alginate concentration for  gelation time=10 min 
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Figure 3-6: αi vs. alginate concentration for  gelation time=24hrs 
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Based on experimental data with constant calcium chloride concentration and 
gelation time, we can derive expressions for the Ogden constants as a function of alginate 
concentration, and this is explicitly given in (3.7). 
                                      (3.7) 
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3.2.2. Effect of Apparent Viscosity 
 It is also possible to correlate the constants to the viscosity of the gel, since the 
alginate concentration (C) can be expressed in terms of the apparent viscosity of alginate 
η. Each of the six constants can be expressed in terms of the viscosity of the alginate 
solution used, as 
)()(),()(),(  21 ηαημη fCfCfC ii ===                    (3.8)  
  There have been many models which describe the link between apparent viscosity 
and concentration for gel like material, including power law, exponential, polynomial 
relations. Brown (Brown., 2005) used a power law model to derive a relationship 
between apparent viscosity and concentration of sodium alginate in cell encapsulation 
applications. 
baC=η                                                                                  (3.9)  
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where a and b are constants, and C is the alginate concentration. This model was used for 
low viscosity and medium viscosity alginate for concentrations varying from 1% to 8% 
(w/v).  Marcotte et al. (Marcotte et al., 2001) have used three different models to define 
the relationship between the viscosity and concentration at a certain temperature. The 
equations describing the power law model, exponential model and polynomial model are 
given below 
2)( 1exp bCaCaaC bCb ++=== ηηη                                       (3.10 )           
where η is the apparent viscosity of gelatin, C is the concentration of alginate, and a and 
b are constants used to fit the curve. 
 In this study, experiments were also conducted to correlate viscosity as a function 
of alginate concentrations at different temperatures (T=250C, 300C and 350C). A 
Brookfield viscometer (model HBDT) was used in the tests. These temperatures were 
chosen to understand the rheological behavior of alginate at room temperature (T=250C), 
body temperature (T=350C close to 370C) and a temperature between the two conditions. 
Figure 3.7 shows the trends of viscosity as a function of sodium alginate concentration at 
the three temperatures. It is observed that the difference in viscosity is rather small until 
the alginate concentration is large (~3%). 
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Figure 3-7:  Viscosity vs. concentration of sodium alginate at different temperature 
 
 A similar approach was followed to obtain the relation between the apparent 
viscosity of alginate and concentration. In Figure 3.8 the continuous line is a graph that 
shows the experimental data of alginate viscosity as a function of concentration at a 
temperature of 350C. This temperature was chosen because it was closer to body 
temperature. The dashed lines correspond to three different fits. It is seen that the 
polynomial model (r2=0.99) shows a better fit compared to the power law (r2=0.91) or 
the exponential model (r2=0.94).  For the considered temperature, a relation between the 
alginate concentration and apparent viscosity of alginate is given by 
31.943.1006.501.80'''''' 2323 −+−=+++= CCCkCkCkkCη                           (3.11)  
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Figure 3-8: Plot of apparent viscosity vs. concentration of alginate with 
different curve fitting models 
 
 We can solve for alginate concentration (C) and each of the six Ogden constants 
in terms of viscosity (η). By substituting the value of C from (11) in (7), we get the 
following formulations for μ1, μ2, μ3, α1, α2, and α3
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7932481540932911
(η(η
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                        (3.12) 
Figures 3.9-3.14 plot μ1, μ2, μ3, α1, α2, and α3 as a function of the alginate concentrations 
and compared with experimental data. The plots show good correlation between the 
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experimental data and analytical solution but more experimental data would improve the 
model to a greater extent.  
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Figure 3-9: Plot of μ1 vs. alginate concentration 
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Figure 3-10: Plot of μ2 vs. alginate concentration 
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Figure 3-11: Plot of μ 3 vs. alginate concentration 
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Figure 3-12: Plot of α1 vs. alginate concentration 
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Figure 3-13:Plot of α 2 vs. alginate concentration 
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Figure 3-14: Plot of α 3 vs. alginate concentration 
 
3.4. Numerical examples for characterization of 3D alginate based matrices 
 61
 With the bulk material properties rendered from the above, the characterization of 
the mechanical behaviors of 3D scaffold can then be carried out. For the purpose of 
demonstration, we selected two sets of numerical examples: bulk compression specimen 
and 3D scaffold with varied porosity under compression. The stress-strain curves from 
virtual tests were compared with those determined from experiments. The bulk material 
properties used in the simulation were obtained from the mathematical model.  Both pure 
sodium alginate and cell-encapsulated alginate were considered.  Here,  there are four 
different alginate concentration varied from (1~3%); for cell-encapsulated alginate, rat 
heart endothelial cells (500,000cells/ml) were encapsulated in 1.5%(w/v) sodium alginate 
concentration and cross linked with 0.5% CaCl2 solution. 
 The bulk alginate specimen is a disc with 12mm height and 6mm diameter. While 
under a uniform compressive load, an axisymmetric model was used for the virtual test. 
This example was selected to ensure that the chosen constitutive material model was 
stable and representative of the experimental or real mechanical properties. The second 
example was for a designed 3D geometry with a specified porosity under compression. 
Here, a 3D finite element model was defined, and 1/8th of scaffold was modeled due to 
the geometrical symmetry. In this model, we adopted the Ogden constitutive material 
model to describe alginate that behaves as a hyperelastic material. Analyses were 
performed for different concentrations of alginate as well as various porosities of 
scaffold.   
 A numerical model has been developed to predict the mechanical behavior of 
three dimensional alginate constructs, based on bulk experimental data. The simulation of 
the bulk compression test was intended to ensure that the chosen material model could 
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accurately describe the alginate non linearity.  The nominal stress-strain curves for four 
alginate concentrations (1%w/v, 1.5%w/v, 2%w/v and 3%w/v) are given in Figure 3.15, 
which confirm the experimental observation. The trends show that higher alginate 
concentration leads to stiffer alginate behavior.  
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Figure 3-15: Effect of alginate concentrations on mechanical 
properties of bulk alginate 
 
 For the 3D scaffold model, Figure3.16 indicates the geometry and the boundary 
and loading conditions applied to simulate the compression test. Symmetric boundary 
conditions were applied on the sides of the geometry owing to the symmetry in the 
sample. Displacement was applied in the Z-direction up to 30% strain. Figure3.17 shows 
the displacement contour after the analysis was completed.  
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 Figure 3-16: 3D geometry with loading and boundary conditions 
 
 
Figure 3-17: Displacement contour in the Z direction 
 
Figure 3.18 shows the stress-strain curves for four alginate concentration. We observe 
that the stress strain curves predicted by the model correlate well with the experimental 
curve (as indicated for the 1%w/v curve in figure 3.18).The gelation time for these 
samples were 24 hrs. As in the case of the bulk samples, higher concentrations of alginate 
result in stiffer mechanical properties of the 3D scaffold as well; however the values of 
stress for the same amounts of strain are much lesser owing to the porosity in the 3D 
scaffold. 
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Figure 3-18: Stress-strain curves of 3D scaffold with varied 
alginate concentration experimentally validated for 1% (w/v) 
  
The effect of varying porosities was also analyzed as shown in Figure3.19. Three 
different porosities of 72%, 63% and 47% have been studied. We also compare this to a 
0% porosity or bulk sample to highlight the effects of porosity on the mechanical 
properties of the samples. We observed that higher porosities lowered the mechanical 
properties of the structure as expected.  
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Figure 3-19: Effect of Porosity of the 3D scaffold on the stress-strain curves 
 
Results from the analyses for alginate with cells encapsulated are also presented. 
Figure 3.20 shows the comparison between the stress-strain curves from the mathematical 
model and that from experiments. The cell-encapsulated alginate specimens were tested 
with 10 minute gelation time. At this time, we assume that the cells are alive and there is 
no contamination in the sample, Also, the cell-alginate constructs were placed in cell-
medium solution throughout the experiments. The cell medium contains a number of ions 
which could further crosslink with the sodium alginate solution altering its viscosity. 
However these local effects have not been incorporated in the model because we assumed 
complete gelation at the time of characterization.  
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Figure 3-20: Predicted stress-strain curve of bulk alginate discs with 
encapsulated cells validated with experimentally obtained curve data 
 
0
0.1
0.2
0.3
0.4
0.5
0 0.1 0.2 0.3
Nom inal Strain
N
om
in
al
 S
tr
es
s 
(K
Pa
)
1.5% alginate with 
cells
N
om
in
al
 S
tr
es
s 
(K
Pa
)
 
Figure 3-21: Predicted stress-strain curve of 3D scaffold with encapsulated 
cells based on experimental bulk data 
 
 
Figure3.2 gives the predicted stress-strain plot from simulation for the cell encapsulated 
3D porous scaffold; experimental results are not available for this case and is based on 
the 10 minute gelated bulk samples.   
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 This study presents a methodology for characterizing 3D tissue constructs in 
tissue engineering applications. However it must be noted that it does not attempt to 
explain cell viability, growth, behavior and subsequent formation of tissue as a function 
of the mechanical properties of the scaffold. Future experimental work in conjunction 
with this modeling technique will aid in optimizing the geometric parameters like 
porosity and material concentrations for the development of functional tissue. 
Additionally, the future work will include analyzing the effects of cell seeding density on 
the mechanical properties of the construct. Furthermore, by investigating and including 
the effects of other fabrication parameters like nozzle diameter, pressure and nozzle 
speed we will further improve the characterization process. Moreover this study does not 
include any long term effects like material degradation or cell proliferation. Therefore 
there is a potential of expanding this work to include these time related features as well.  
3.5. Conclusion 
 A novel procedure has been developed for characterizing the mechanical 
properties of three dimensional scaffolds for applications in tissue engineering. The 
procedure is a general approach and may be applicable for 3D constructs composed of 
any gel-like materials, though 3D alginate matrices were used in this study. The approach 
has been validated with the experimental data. In addition, the methodology also enables 
us to analyze the effects of the physical and geometrical parameters such as alginate 
concentrations and the porosity on the stress-strain curve of a 3D scaffold.  
 It is challenging to adequately describe the bulk alginate behavior owing to its 
characteristic nonlinearity. We introduced the novel application of the Ogden constitutive 
model. Though the Ogden model has been considered to be a phenomenological material 
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model, we have also attempted to correlate relevant material constants with physical 
parameters like alginate concentration and viscosity. This approach enables us to 
eliminate repetitive experiments to determine the bulk properties for a given alginate with 
an arbitrary concentration based on a small set of experimental data. This modeling 
process has a potential of expanding its applications to other gel-like materials. 
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CHAPTER 4 2D MULTI-SCALE MODELING FOR CHARACTERIZING CELL 
DEFORMATION 
 
4.1. Framework for analysis of cell deformation in encapsulated constructs 
 This part of the research focuses at the analysis of alginate-cell structures at three 
different scales (Nair et al., 2007). Cell encapsulated alginate constructs are fabricated 
using a proprietary multi-nozzle biopolymer deposition system (Khalil 2005, Khalil 
2006). The constructs are subjected to uniaxial compression testing to characterize the 
mechanical properties of these constructs and the stresses and deformations of 
encapsulated cells under compressive loads are quantified via a multi-level nonlinear 
finite element approach. Upon examining the alginate scaffold with encapsulated 
endothelial cells, the size of cells is very small compared to the dimensions of the 
macrostructure (Figure 4.1); therefore, multi-scale analysis is necessary, especially for 
determining the cell responses. The macro-level model is used to mechanically 
characterize the alginate-cell construct. At the micro-level, the effects of alginate 
concentration, cell model, and the micro-level geometric heterogeneity on cell 
deformation are examined. Cells are modeled as single phase inclusions containing only a 
nucleus phase; then as a two phase inclusion comprising of a nucleus phase and 
cytoplasm phase. This study also investigates the effects of two geometrical parameters 
namely cell size and cell distribution on the local stress levels of the cell.  
 70
 Figure 4-1: Optical image of alginate construct with encapsulated rat heart endothelial 
cells 
 
 At the macro-scale a non-linear numerical model is developed to characterize the 
mechanical properties of the construct. For specific applications in tissue engineering it 
becomes necessary and indispensable to understand the stresses at the microenvironment 
of the encapsulated cells since cells respond to such stresses and their functions are 
highly dependent on such mechanical cues. Assuming statistical homogeneity, the multi-
scale finite element analysis may be utilized to determine the cell responses to the 
external load and further understand the effects of the system parameters from the 
different scales. A micro-scale model has been developed to analyze the local effects 
around the cell boundaries, assuming that cells are inclusions within the alginate 
structure. The effects of physical and geometric heterogeneity on cells have been 
quantified as well. At the micro-scale, the influence of sub-structures within the cell 
model contributes significantly to the stress distribution in the environment. Therefore, 
the study attempts to analyze the microenvironment when including more specific 
cellular sub-structures such as the cytoplasm within the cell-model geometry. When 
analysis is conducted at the micro-scale more information with regards to cell membrane 
injury can be derived since the cytoplasm is less rigid than the nucleus and is prone to 
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damage at lower levels of stress. Figure 4.2 indicates the multi-scale approach along with 
the different microstructures integrated in the analysis.  
 
 
Figure 4-2: Two dimensional multi-scale approach with the microstructures at each scale 
 
 The multi-scale finite element analysis has been developed and applied to provide 
linkage between the microscopic behavior and the macroscopic phenomena on 
heterogeneous engineering materials (Smit et al. 1998, Kouznetsova. 2001, Wang and 
Yan 2005). The fundamental assumption that enables this practice is statistical 
homogeneity. A heterogeneous body consisting of a blend of two materials, in general, 
possesses randomly distributed properties. For a complete description of the physical 
properties, each property is a random spatial function, and all of their joint probability 
distributions must be known. For instance, the microstructure can be described by the n-
point phase probability function Sn, which is the probability of finding n points 
simultaneously in phase I (Qunitanilla and Torquato, 1997). The Sn are formally defined 
by 
( )∏
=
=
n
i
inn xIxxxS
1
21 ),,( L                                                   (4.1) 
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where 
( )
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⎪⎨
⎧
= ,
,0
1,1
otherwise
phaseinx
xI                                            (4.2) 
I(x) is the indicator function of phase 1. The angular brackets in (4.1) denote an ensemble 
average over the possible realizations of the material. For statistical homogeneous media, 
one can equate the ensemble averages with volume averages in the infinite-volume limit 
(ergodicity) (Torquato, 1998). In practice, a representative volume element (RVE) needs 
to be selected to represent the material adequately, in particular, to ensure the one-to-one 
correspondence between the macro- and micro-scales. For a statistically homogeneous 
material under load, the local macroscopic deformation and stresses are equal to the 
averaged deformation and stresses of the RVE as given in (4.3) and (4.4) (Smit et al. 
1998). The deformation tensor F(y0) refers to the initially undeformed configuration at 
reference position y0 and the volume averaging is performed over the initial volume of 
the unit cell V0.
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Fmacro and σmacro  are the macro and the RVE averaged deformation gradient tensors 
respectively, and σmacro and σ RVE  are the macro and the RVE averaged stress tensor 
respectively. The average stress in the RVE (σ RVE ) is the volume averaged Cauchy 
stress tensor where σ(y) represents the stress tensor at position y. The averaging occurs 
over the current volume of the RVE because the Cauchy stress is defined in the current 
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deformed configuration (Smit et al. 1998). The Fmacro and σmacro can be related through 
the material constitutive relation. In case of hyperelastic material (ABAQUS, ver 6.3-1), 
the material constitutive relation can be expressed as 
∫∫ ==
00
00 )()(:)det(
V
macro
V
macromacromacro dVFUdVFDFW δδσδ  (4.5)                      
where Wδ  is the variation of work, and  is the variation of strain energy.  
 Figure 4.3 is a schematic of the multi-scale modeling approach applied in this 
study.  Initial experiments are conducted to characterize the overall/macro properties of 
the system under compressive load; and corresponding macro-finite element analyses are 
carried out to validate the experimental results and provide the macro deformation and 
stresses. Detailed micro-structures are restored to a region of interest, and micro-scale 
analyses are then performed to determine the local deformation and stresses within the 
region. 
 
Figure 4-3: Schematic of multi-scale finite element approach employed 
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4.2. Numerical procedure: macro and micro-scale characterization of alginate-cell 
constructs 
  
A non-linear macro-scale numerical model has been developed to analyze the 
structural properties of three dimensional tissue engineering scaffolds. The model is also 
validated experimentally. A non-linear micro-scale analysis is then conducted to capture 
the stress and deformation of the encapsulated cells in the scaffold when subjected to 
external compression. The physical and geometrical heterogeneity is modeled to analyze 
the degree of influence of these effects on the cell’s micro-environment. 
 
4.2.1 Macro-scale analysis characterizing mechanical properties of cell encapsulated 
alginate discs 
  
Uniaxial compression tests are performed to measure the mechanical properties of 
alginate (Manugel) using a 4442 Instron mechanical tester. Gel samples are prepared in a 
cell culture 24-wellplate. Rat heart endothelial cells (500,000cells/ml) are encapsulated in 
1.5 %( w/v) alginate concentration and are cross linked with 0.5% calcium chloride to 
form 2.1mm thick 4.5mm radii alginate discs. Six specimens are tested and a maximum 
compressive strain of up to 40% is applied to obtain the stress-strain curve as shown in 
Figure 4b. Previous experiments indicate that the stiffness of the alginate increases as the 
concentration increases, especially over the range of 1% to 3 %( w/v) (Khalil 2006).  
 Axisymmetric finite element models are developed simulating the virtual 
compression tests based on the experimental specimen geometry. With the obtained 
experimental data, the Marquardt Levenberg nonlinear least square optimization 
(MLNLS) algorithm is used to fit the experimental data with the Neo Hook, Mooney-
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Rivlin and Ogden models. The three models have been used for comparative purposes to 
determine the most accurate material model that can best fit the experimental data. The 
constants are obtained by using the MLNLS optimization algorithm. The algorithm 
minimizes the error E between the experimental stress, Texp, and the nominal stress, Ti, 
calculated from the strain energy polynomial (ABAQUS, ver 6.3-1), for each material 
model 
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 Between the three models considered, the neo-Hookean model incorporates only a 
single material constant and has the simplest formulation for the strain energy density 
function. The Mooney-Rivlin model, (Boyce and Arruda 2000) is capable of taking into 
account the deviations arising from other Gaussian and neo-Hookean models. In the two 
models mentioned above, the strain energy density function is expressed in terms of the 
stretch variants. In the Ogden model (Boyce and Arruda 2000, ABAQUS ver6.3-1), the 
strain energy is expressed in terms of the principal stretches (λi=1, 2, 3) as given below 
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                                             (4.7) 
  Here the hyperelastic Ogden material model is used for the alginate disc with 
embedded endothelial cells since it produces a much closer approximation to the test data 
of the non linear hydrogel than the other strain energy density functions.                         
Here, ‘μi’ and ‘αi’ are material dependent constants; ‘n’, the degree of summation, can be 
varied to best fit the data at hand, which provides additional flexibility. In the present 
study, the Ogden polynomial with n=4 is used for an alginate concentration of 1.5% 
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(w/v), while for an alginate concentration of 3% (w/v) the Ogden polynomial with n=3 is 
used.              
 Although physical meanings associated with the constants are often not clear in 
phenomenological models, the Ogden material constants can be related to the shear 
modulus (ABAQUS ver6.3-1) as given below 
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μ                                                                       (4.8) 
 The loading and boundary conditions are applied to simulate the experimental 
compression test, and the stress-strain curve is plotted to match up with the experimental 
curve.  Figures 4.4  illustrates the macro-scale finite element model along with the 
loading and boundary conditions. Symmetric boundary conditions are applied along the 
vertical axis of symmetry; uniform displacement is applied on the top surface of the 
sample to simulate the experimental compression test.    
 
Figure 4-4: Axisymmetric model with boundary and loading conditions 
 
After running the analysis for up to 40% strain the nominal stress-strain curve is plotted 
and compared with the experimental measurements as shown in Figure 4.5. In addition, it 
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is assumed that alginate does not exhibit any viscoelastic properties because the model 
predicts the mechanical properties of the scaffold at the instant it has been fabricated 
 
 
Figure 4-5: nominal stress-strain curve is plotted and compared with the experimental 
measurements 
 
4.3. Micro-scale analysis: effects of physical and geometrical variations on local cell 
environment 
  
Micro-scale numerical models are developed to determine the micro stress and 
deformation fields and the effects of microenvironment on cell responses. Ideally, the 
micro-scale analysis should be done with realistic 3D representation of the 
microstructure; the computation of such a model involving enormous number of degree 
of freedom is extremely demanding, hence two-dimensional approximations are often 
used to circumvent the difficulty (Smit et al. 1999). In the present study, a two-
dimensional simplification (axisymmetry) is utilized. This particular simplification can be 
justified with the two assumptions. First, it is assumed that the presence of cells does not 
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influence the overall mechanical properties of the scaffold; second, the cells are randomly 
distributed in the cylindrical specimen. Consider any given vertical plane cutting through 
the center of the specimen. From the latter, the circular intersections of the cells and the 
cutting plane are randomly distributed on the resulting cross section in terms of location 
and size. Hence a 2D model with a random distribution of cells modeled as inclusions is 
considered as an approximated representation of a given cross section.  
 The loading and boundary conditions are extracted from the macro-scale analyses 
of the alginate specimen with 20% and 30% compression. Although such strain 
magnitudes are beyond the physiological scales, in case of the aorta and large arteries 
(2%–10%) (Dobrin 1978, Wedding et al. 2002), they may be induced by fabrication 
process. The study includes such conditions to understand the effects of large strain on 
the cell, which may provide information with respect to cell damage.  For adequate 
representation of the alginate disc with encapsulated endothelial cells, a region of 400μm 
x 400μm is selected; based on the cell volume fraction, sixteen cells are included. Two 
alginate concentrations, 1.5% w/v and 3% w/v, are considered due to the stiffness 
variation. Again, the Ogden material model is used to accurately capture the non-linearity 
of the alginate. 
 The endothelial cells are treated first as single-phase inclusions, and then as two-
phase inclusions. While the former simplifies the cell as a nucleus, the latter captures the 
contributions from both the nucleus and cytoplasm. The neo-Hookean material model is 
adopted for the nucleus, as well as the cytoplasm (Breuls et al. 2002, Caille et al. 2002, 
and Haider et al. 2006). The strain energy function for the neo-Hookean model 
(ABAQUS ver 6.3-1) is given by the following equation 
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Where a1 is a material parameter and I1 is the first stretch invariant. The constant a1 can 
be derived from the elastic modulus and Poisson’s ratio as follows       
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 Here, the elastic moduli of the nucleus and the cytoplasm are assumed as 4462 
N/m2 and 323N/m2 respectively, and Poisson’s ratio is assumed 0.5 since the material is 
assumed to be incompressible (Caille et al., 2002). It is noted that the cytoplasm is at 
least ten times less stiff than the nucleus; and modeling the cytoplasm and nucleus 
distinctively gives us additional information regarding damage to the cells since the 
cytoplasm would withstand much lower stress levels or deformations compared to the 
nucleus.  
 It is generally believed that the geometric heterogeneity at the micro-scale leads to 
additional non-uniformity of the local stress/deformation fields; hence, it is necessary to 
address this for the microstructure restoration. In the present study, it is of interest to 
quantify this effect; therefore, three different microstructures are identified.  
Corresponding micro FE models are generated and analyzed; and the results rendered are 
compared. Considering a realistic representation of alginate specimen with encapsulated 
cells, it can be observed from the microscopic image that the endothelial cells are 
randomly distributed with varying size. In the first assumption, the randomness in both 
location and size are represented and are characterized via a stochastic mean. 
Specifically, the random location is generated based on the equal probability and over-lap 
constraints; the radii is calculated using a normal distribution with a mean value (μ) of 
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15μ and a standard deviation(σ) of 3, the probability density function at position ‘x’ is 
given by 
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 The average diameter of endothelial cells has been reported to be in the range of 
20-30μm (Bain 2001). The location of the cells within the microstructure is calculated by 
generating a uniformly distributed pseudorandom number, lying in the specified range of 
0.05 to 0.035 microns. The probability density function for a continuous uniform 
distribution on the interval [a, b] is given by  
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Also a subset of random set can be identified by satisfying the following condition: 
( ) ( ) ( kikiki rryyxx +≥−+− 22 )                                                 (4.13) 
 Here, (xi, yi) is the location of any given cell, and ri is the radius; (xk, yk) are the 
location of the cells that are adjacent to the cell i, and rk is the corresponding radius. This 
is computed using commercial mathematic tool (Mathematica ver5.2). The approach 
enables in closely characterizing the heterogeneity of the microstructure, especially for 
the cases that the cells form clusters during fabrication. Figures 4.6-4.9 illustrate the 
restored microstructure with random characteristics along with the loading of the 
microstructure under analysis. 
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 Figure 4-6: Micro-level analysis: micro-
structure with random cell size and cell 
distribution. 
 
 
Figure 4-7: Micro-level analysis: micro-
structure with random cell size and cell 
distribution along with cytoplasm 
 
 
Figure 4-8: Micro-level analysis: micro-
structure with uniform cell size and cell 
distribution 
 
 
Figure 4-9: Micro-level analysis: micro-
structure with uniform cell size and random 
cell distribution 
 
 
 The geometrical heterogeneity within the micro-structure has been carried out by 
formulating models with varying cell size and distribution. The first model involves a 
geometry including uniform cell location and uniform size of cells. The next model 
assumes a geometry incorporating random location of the cells while assuming constant 
cell radii . Note that both random location and random size are considered for the micro-
scale model with the cell modeled as two-phase inclusions: the cytoplasm and the 
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nucleus. The size ratio between the nucleus and the cytoplasm is assumed to be a 
constant. 
 In the present study, a macro-scale model is developed to characterize the 
mechanical properties of alginate-cell constructs based on experimental data. A micro-
scale model is also developed based on information derived from the macro-scale model, 
and the stresses and deformations at the local cellular level are analyzed as well. 
Moreover, the micro-scale analysis also quantifies how the stiffness of matrix material, 
the microstructure of the cell, and the geometric heterogeneity at the micro-scale affect 
the local stress and deformation in the cell’s microenvironment. This information leads to 
a better understanding of the cell responses to the mechanical force induced by the 
environment and a better mathematical model to predict cell viability, as well as cell 
damage.  
 Figures 4.10 indicate the macro-scale and Figure 4.11 and Figure 4.12 indicates 
the micro-scale stress contours when a 20% compressive strain is applied. As seen in 
Figure 4.10, the macro-scale model shows uniform stress distribution and does not 
provide any information with respect to the local stresses experienced by the cells.  
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Figure 4-10: Stress (in MPa) contours for cell encapsulated alginate under 20% 
compressive strain for macro model of bulk discs 
 
 
Figure 4-11: Stress (in MPa) contours for cell encapsulated alginate under 20% 
compressive strain for micro-level model with cells 
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 Figure 4-12: Stress (in MPa) contours for cell encapsulated alginate under 20% 
compressive strain for micro-level model with cytoplasm and nucleus 
 
 
 For applications in tissue engineering; it is imperative to understand the local 
stress levels at the cellular level since cells respond to these stresses and this could lead to 
altered functions. Fig 4.11 shows the stress contours at the cellular level wherein cells 
have been modeled as inclusions with the material properties assumed to be that of the 
nucleus. This analysis gives details regarding the micro-scale stress distribution around 
the cells. To derive more information at this level, it is necessary to incorporate more 
sub-structures within the cell model. Figure 4.12 demonstrates the stress contours of the 
micro-scale analysis where the microstructure incorporates the cell nucleus and the 
cytoplasm. At this level, the geometry, the density (the number of cells per unit area) and 
the material properties of the cell contribute to the overall stress distribution. This 
analysis provides useful information with respect to the stresses experienced by the cells 
in a random distribution.  
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4.4. Effects of matrix stiffness on cell deformation and local stress distribution 
 For studying the effect of stiffness of the matrix material, alginate concentrations 
of 1.5% (w/v) and 3% (w/v) are considered. The stress contour plots rendered from the 
multi-scale analysis are shown in Figure 4.13, for 1.5% (w/v) and 3% (w/v) alginate 
concentrations respectively.  The alginate gel with 1.5% (w/v) concentration is less stiff 
in comparison with that with 3% (w/v) concentration; hence less stress concentrations 
due to stiffness mismatch between the cell and matrix are introduced.  Another 
observation is that the stresses are higher in areas where there are more cells compared to 
areas where the cells are isolated. The corresponding logarithmic strain contours from the 
analyses are also given in Figure 4.14.  
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Figure 4-13: Stress (in MPa) contour plots for cells embedded in 1.5% (w/v) and 3% 
(w/v) alginate concentrations 
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 Figure 4-14: Logarithmic strain contour plots for cells embedded in 1.5% (w/v) and 3% 
(w/v) alginate    concentration 
 
 
         To further quantify the effect, the nodal stress (S22) along the cell boundary (90o 
from the horizontal direction) is considered for statistical analysis. A set of sample data 
for S22 is generated, and fitted to a normal distribution. Figure 4.15 plots the probability 
density function of S22 on the cell boundary for the alginate concentrations of 1.5% (w/v) 
and 3% (w/v).  The shift in the curves clearly indicates the difference in terms of the 
mean stress (S22) value. Moreover, the mean value for the stresses is about 20% higher 
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for alginate of 3% (w/v) concentration than that of 1.5% (w/v). Though this quantifies the 
stress and deformation of the cells in the different environments; this study does not 
attempt to explain how these stresses or deformations affect the functionality of the cell 
concerned. 
 
 
Figure 4-15: PDF plot of S22 (in MPa) with mean (μ=1.97x10-3) and standard deviation 
(σ=0.13 x10-3) for cells embedded in 1.5% (w/v) and 3% (w/v) alginate concentrations 
 
4.5. Effects of incorporating cytoplasm within the cell model on the local cell 
environment 
  
The second factor the analysis takes into consideration is the significance of 
incorporating the nucleus and the cytoplasm within the cell model. It is known from 
literature that the material properties of the nucleus and cytoplasm are significantly 
different and the nucleus is about ten times stiffer than the cytoplasm (Caille et al 2002). 
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Figure 4.16 shows a large degree of strain difference in the logarithmic strain contours 
between the two cases. Statistical analyses are conducted for both the stress and strain 
components; the corresponding probability density function plots are shown in Figure 
4.17 and 4.18, respectively. From Figure 4.17, the bell curve for the model with the 
nucleus and the cytoplasm has larger standard deviation but similar mean stress in 
comparison with the model which does not include the cytoplasm. The large deviation is 
due to the three phases of varying material stiffness. It can be observed from Figure 4.18 
that the strains are significantly different in both cases. The shift in the curves indicates 
the difference in the mean strain in both cases. The model with the nucleus and cytoplasm 
has a higher value for the mean strain and has a larger standard deviation in comparison 
with the analysis with only the nucleus. This can be attributed to the high degree of 
material property mismatch among the three regions namely; cell nucleus, cytoplasm and 
surrounding alginate. Clearly, analysis of the cell model incorporating the nucleus and 
cytoplasm provides more information that is critical to cell viability and cell function. 
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Figure 4-16: Logarithmic strain contour for analyzing effects of detailed microstructure 
 
 91
  
Figure 4-17: PDF plot of S22 (in MPa) with Mean (μ) and Standard deviation (σ) for 
analyzing effects of detailed microstructure 
 
  
Figure 4-18: PDF plot of L22 with Mean (μ) and Standard deviation (σ) analyzing effects 
of detailed microstructure 
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4.6. Effects of cell size and position on the stress distributions at the cellular level 
 The present study also looked into the effects of geometrical parameters like 
distributions in cell size and cell location on the local stress at the cellular level. 
Specifically, the analysis is aimed at understanding whether cell size and cell 
distributions in the construct adversely affect the local stresses and deformations in the 
cell’s surroundings. Figure 4.19 shows the stress contours of the three cases where the 
variations have been made in parameters pertaining to cell geometry and cell distribution. 
The stress concentrations are significantly different between the model with uniform 
radius and distribution and that with random cell radii and distribution. Also, there is a 
small effect on cell sizes in the analysis. Regarding cell-cell interaction, there is much 
higher stress concentration in areas where cells are clustered together compared to the 
areas where cells are relatively isolated.  
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Figure 4-19: Stress (in MPa) contour analyzing effects of geometrical distribution in size 
and location of cells within the microstructure 
 
                Three probability density function plots of S22 are shown in Figure 4.20 for 
model with uniform cell size and cell distribution, model with uniform cell size and 
random cell distribution, and finally model with random cell size and cell distribution. 
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The difference is clear between the model with uniform cell size/cell distribution and the 
random cell distribution model. There is little variation between the two cases where the 
cell size is constant and is variable; thus cell size does not affect the results too much. 
Similar trend can be observed in the strain contour plots in the form of deformation. 
Hence, the cell distribution affects the analysis in a significant manner.  
 
Figure 4-20: PDF plot of S22 (in MPa) with mean (μ) and standard deviation (σ) 
analyzing effects of geometrical distribution in size and location of cells within the 
microstructure 
  
This work uses the multi-scale finite element approach to analyze the cell’s 
microenvironment when tissue scaffolds are subjected to macro scale loads. Previous 
works of Breuls (Breuls et al. 2002) and Guilak (Guilak and Mow 2000) have also used 
the same approach to analyze the local deformations in the cell’s surroundings. However, 
these studies do not provide an in depth analysis in terms of the effects of the micro-scale 
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physical and geometrical heterogeneity on cell stress and deformation. This study aims at 
addressing these factors and aids in estimating the degree of influence as well as the 
dominance among various parameters using a statistical approach. It must be noted that 
this study does not attempt to explain how the computed stresses or deformations affect 
the function or the phenotype of the cell concerned. Our future studies will be aimed at 
validating this model by conducting biological experiments that can examine the function 
of the cells under different stress environments. 
4.7. Conclusion 
 In this study, we focus on quantifying the effects of micro physical and geometric 
heterogeneity on the endothelial cells encapsulated in alginate gel under load, via the 
multi-scale finite element approach. The macro-scale properties of cell encapsulated 
alginate discs have been characterized.  The micro-scale stresses and deformations that 
cells are subjected to under macro-scale loads are analyzed. Two different concentrations 
of alginate gel create different mechanical environments and the effects of the material 
stiffness have been modeled to quantify cell deformation and stress distribution within 
the constructs. This is critical in determining the right material parameters, specifically 
alginate concentration in this case, when fabricating three dimensional scaffolds. 
 Second, the study examined the modeling of the cell, with and without a 
distinction between the cytoplasm and nucleus in terms of material properties. From the 
single phase model, the cell can withstand higher stresses since the nucleus is much 
stiffer than the cytoplasm. However, in order to look into cell damage, it becomes 
imperative to identify the stresses at the cytoplasm which is much less stiffer than the 
 96
nucleus. Additional information obtained from the detailed model may be linked to 
membrane damage and cell injury.  
 Finally, this study also analyzes the effects of two geometrical parameters namely 
cell size and cell distribution on the local stress levels of the cell. This further enables us 
to understand the differences in terms of stresses and deformations at the cellular levels 
when cells are isolated versus a state when cells form clusters. To some extent this helps 
in understanding the cell-cell interactions as well. The analysis of the geometric 
heterogeneity indicates that there is much higher stress concentration in areas where cells 
are clustered together compared to the areas where cells are relatively isolated. Also, 
studies understanding how the computed stresses and /or deformations affect cell 
function or behavior will strengthen the analysis to a great extent. Future studies will 
include experimental validation of these models. 
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CHAPTER 5 3D MULTI-SCALE MODELING FOR ANALYSIS OF CELL 
DAMAGE UNDER MACRO-SCALE COMPRESSIVE LOADS 
 
5.1. Modeling and analysis of cell damage  
Studies have shown that mechanical forces are essential to living cells, especially 
in the case of the bone and endothelium where cells are subjected to specific forces as a 
part of the native physiological environment (Suresh et al. 2003). Mechanical forces not 
only deform cells, but also induce biological responses, and result in altered functions 
(Ingber 1997). In this connection, understanding the underlying mechanisms and 
developing mathematical models to predict cell behavior in a designed surrounding 
would aid in maintaining and controlling the phenotype of the cells to form functional 
tissue in an engineered construct.  
A number of mathematical models have been developed for the study of cell 
injury. A brief review of the modeling methods is described here. In the case of cell 
membrane models the focus of the study includes analysis of the cell-membrane under 
traumatic loading conditions. The cell-membrane is assumed to behave as a fluid when 
subjected to in-plane deformations. The bending modulus for cell membranes is very 
small compared to the other moduli and therefore the bending stresses are neglected 
except when the radius of curvature approaches molecular dimensions (Barbee 2005). 
The fractional area expansion,α, in a membrane is related to the isotropic tension by the 
area expansion modulus, Kα
                                                           ααKT =                                                        (5.1) 
In this work, the lipid bilayer is assumed to behave as a fluid for in-plane shear 
deformation and this mode is characterized by a coefficient of viscosity. Here the surface 
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stresses are related to the rate of deformation by two viscosity coefficients. A simple 
expression combining the viscous and elastic behavior is expressed as a linear 
combination as follows 
t
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Here α = (λ1λ2-1), and the relaxation time constants in both modes of deformation are 
given as follows 
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When loads are applied to a membrane over time periods greater than the relaxation time 
constant, the membrane behaves elastically and the contribution from the viscosity 
component is negligible. On the other hand, when loads are applied over periods of time 
that shorter compared to the times constant, the material also behaves elastically but with 
a higher apparent stiffness because in this case the viscous component also resists the 
deformation. This is not the case with red blood cells since the plasma membrane of 
erythrocytes are very smooth compared to the irregular surfaces comprising of 
invaginations in other cells.  
Researchers have developed models analyzing cell damage in the case of red 
blood cells mainly because shear induced blood trauma is the biggest problem in the 
design of blood contacting artificial organs. The studies concentrate on identifying 
critical shear stress and exposure time required to produce hemolysis( Song et al., 2004). 
Hemolysis, is defined as the breakdown or destruction of red blood cells, that causes the 
release of the protein called hemoglobin (Leverett et al., 1972, Blackshear et al., 1987). 
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Based on experimental data, Blackshear (Blackshear et al 1965) mathematically 
attempted to describe hemolysis by the following equation 
                                                                                                (5.4) 1
2 ))(( Ct =τ
Where τ is the shear stress, t represents the exposure time and C1 is a constant of 
proportionality. Giersiepen and co-workers (Giersiepen et al., 1990) developed a 
correlation between shear stress, exposure time and extent of damage of erythrocytes by 
improvising on the previous formulation. This is expressed as follows 
                                       βατ TC
Hb
dHb ⋅⋅=                                             (5.5)                         
Here Hb is the amount of hemoglobin and dHb is the amount of damages hemoglobin, τ 
represents the characteristic scalar stress and T is the stress exposure time. C, α, and β are 
constants obtained from regression of the experimental data. Another group (Koller and 
Hawrylenko., 1967) expresses blood damage in terms of Normalized Index of Hemolysis. 
This is expressed as follows 
Qt
HtVfHbLgNIH ×Δ
×−××Δ= 100))100/(1()100/(                             (5.6) 
Here ΔfHb represents the increase in plasma free Hb concentration, Δt is the duration of 
the test, Ht is indicative of the hematocrit percentage, V is the blood volume and Q 
corresponds to the flow rate. These studies effectively quantify blood damage using tools 
like CFD and the models have been validated with experiments as well. Some of the 
challenges here are in experimentally determining the various constants involved. There 
is some discrepancy with regards to the physiological values of the constants. Also some 
of the studies (Kamneva et al., 2004) assume that the turbulent Reynolds stresses 
dominate the viscous stresses occurring in the region of interest. 
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Another area of modeling that addresses cell damage is when analyzing skeletal 
muscle (Breuls et al 2002) wherein the muscle tissue is compressed against a bony area 
and is succumb to damage. A multi-level analysis has been developed by the group to 
analyze the damage in muscle fiber cells embedded in ECM. The material behavior of 
both cells and extracellular matrix was modeled with a nonlinear hyperelastic constitutive 
law given by 
( ) ( )IJB
J
GIJ 3/21 −+−= κσ                                              (5.7) 
where κ is the compression modulus and G the shear modulus. They further have 
developed a damage model which incorporates a time aspect and a tissue tolerance level 
that is based on in-vitro experiments. The study assumes that cells adapt to stress 
depending on their adaptive capacity α and get damaged when the strength of the 
deformative force over time exceeds a threshold level Tcell. The term Tcell indicates the 
combined effect of deformation and time on cell damage. This model introduces a 
cumulative damage parameter Dcum for each individual cell in the microstructure. Cell 
deformation is quantified by averaging the strain energy density (SED) over each cell. A 
damage law is formulated relating Dcum  and a dimensionless parameter called J. The 
term J represents the SED divided by the apparent stiffness of the cell. The damage law is 
represented as follows 
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Dcum is assumed to grow with time t when the cell deformation in terms of J becomes 
larger than the cell tolerance α. From the equation above it can be realized that if J< α 
then Dcum  does not grow whereas if the damage parameter Dcum  reaches the threshold 
value Tcell, the cell will become damaged. Though this model aids in quantifying cell 
damage it does not take into account cell recovery. It also does not incorporate the micro-
structural changes arising form the deformations and cell damage. Also the model 
assumes only that cells are subjected only to compressive stresses. One of the most 
critical assumptions was that cell deformation is the predominant cause of cell damage.  
5.2. Experimental characterization of cell damage under macro scale loads 
The focus of this phase of the research was to quantify the local stresses and 
deformations at a cellular level and to develop a damage criterion when the tissue 
construct is subjected to macro-level loads. Here, we consider alginate as the matrix 
material owing to its excellent biocompatibility (Drury et al., 2003) and capability to 
fabricate three dimensional scaffolds (Khalil et al., 2006). In conjunction with our initial 
experimental studies on alginate constructs with encapsulated endothelial cells, the 
present study also focuses on endothelial cells.  Furthermore, endothelial cells are usually 
present as linings in the entire circulatory system and are subjected to several different 
types of mechanical stimuli including hydrostatic pressure, fluid shear stress, and 
deformation (Cines et al.,1998). The strain magnitudes in the aorta and large arteries 
range between 2%–10% (Dobrin 1978, Wedding et al. 2002). Wille and co-workers have 
studied the effects of cyclic stretching as well as compression at strain rates of 2%–10% 
on the morphological responses of endothelial cells (Wille et al. 2004). This analysis is 
carried out to investigate the local stress/deformation of the cells when subjected to 
 102
compression at the physiological level and beyond to develop a 3D multi-scale numerical 
model that analyzes the stresses and deformations of the cell when the tissue construct is 
subjected to macro-level compressive loads. Compared to our previous 2D approach 
(Nair et al., 2007), this study provides more details for developing a damage criterion to 
predict the state of the cell.  
The analyses are conducted via a multi-level non-linear finite element method. 
The macro-level analysis is a three dimensional non-linear finite element model that 
characterizes the macroscopic behavior of alginate discs with encapsulated endothelial 
cells under load. The analysis simulates a compression test on the constructs and focuses 
on characterizing its mechanical properties. This, however, does not provide any insight 
of the stresses and deformations occurring at the cellular levels. Upon the results of the 
macro analysis, a micro-level analysis is conducted to determine local stress/strain fields 
in a selected region with the encapsulated cells. Numerical results are determined and 
analyzed to quantify the effects from various sources on the local cell responses. A third 
single cell model is then formulated where the displacements are mapped from the multi-
cellular scale. A strain energy based damage criteria is then developed to determine the 
degree of injury of each cell when the tissue construct is subjected to compressive loads. 
Furthermore, a stochastic simulation is formulated to predict the percentage cell viability 
within the constructs. Comparison between the predicted cell viability and experimental 
data demonstrates that the proposed damage criteria can capture the trend observed from 
the experimental study   
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5.2.1. Cell culture and encapsulation 
 Rat adrenal medulla endothelial RAMEC cells (ATCC, MA) were cultured in 
Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10 % fetal bovine 
serum (FBS), 2 ml L-glutamine, 10000 IU Penicillin, 10000 µg/ml Streptomycin and 25 
µg/ml Amphotericin-B. They were maintained in the incubator at 5% CO2 and 37°C. To 
prepare the polymer solution, medium viscosity sodium alginate powder (Sigma, St. 
Louis, MO) was dissolved in deionized water as a 1.5% (w/v) solution. The alginate 
solution was sterilized by serial filtration through 0.8, 0.4 and 0.2 micron filters. The cells 
were gently mixed in viscous sodium alginate solution with pasteur pipette to ensure a 
uniform cell distribution. Hemocytometer readings measured the cell concentration at 
1x106 cells/mL of alginate biopolymer solution. Endothelial cells were chosen because of 
its usefulness in angiogenesis and potential use in cardiovascular engineering (Bader et 
al., 1998). 
5.2.2. Printing of three dimensional scaffolds and compression testing 
 A proprietary solid freeform fabrication based cell printing system has been 
developed for creating 3D tissue constructs and for dispensing cells (Khalil and Sun, 
2007; Khalil et al., 2005 ). The direct cell printing system for cell dispensing operates at 
room temperature and allows for deposition of cells, growth factors, or other bioactive 
compounds in controlled amounts with precise spatial positioning.  For this study the 
pneumatic micro valve (EFD Inc., East Providence, RI) was used to evaluate cell status 
under different printing parameters. The system has been optimized to fabricate 3D 
scaffolds with minimum cell damage (Chang et al., 2008). The homogeneous mixture of 
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cell along with alginate was printed and cross linked with 0.5% calcium chloride to form 
9mm thick 4mm radii alginate discs.  
Uniaxial compression tests were performed to measure the mechanical properties 
of alginate (Manugel) using a 4442 Instron mechanical tester. Compressive strains of 1%, 
5% and 10% was applied to the samples. Three samples from each set were analyzed 
with apoptotic assay immediately after compression testing and one sample was used to 
analyze membrane and nuclear damage as well. 
5.2.3 Quantifying Apoptosis by Annexin V  
 To quantify live, apoptotic and necrotic cells as a function of the mechanical 
damage induced by compression, each sample was treated with the Annexin V staining 
kit (Biovision, Mountainview, CA) following manufacturer’s protocol. During early 
stages of apoptosis the alteration in plasma membrane occurs resulting into exposure of 
phosphatidylserine (PS) from inner surface to outer surface of the cell membrane 
(Shounan et al., 1998). Annexin-V is a protein that specifically binds PS. When used in 
conjunction with dye measuring membrane integrity (such as Propidium iodide), early 
apoptotic cells (annexin-V positive only) can be distinguished from late 
apoptotic/necrotic cells (annexin-V and membrane integrity measuring dye positive). 
Live cells will not bind to any dye, early apoptotic cells will bind to annexin-V only and 
dead cells will bind to both dyes. Briefly, each sample was treated with 300 l of EDTA 
for dissolution of alginate. 500 μl of 1X Binding Buffer and 5μl of Annexin V-FITC and 
5μl of propidium iodide (PI) was then added to each sample. The cell suspension was 
placed on a glass slide and covered with a glass cover slip. The samples were then 
viewed under a fluorescence microscope using a dual filter set for FITC & rhodamine. 
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Cell sorting was carried out by the process described else where (Shounan et al., 1998). 
From five high-power fields per sample, a minimum of 100 cells were counted from each 
field. Results were expressed as apoptotic, live and necrotic cells per 100 cells. For each 
set of parameters, three samples were analyzed.  
 The percentage live cells (Pvia) after uniaxial compression of the alginate tissue 
constructs at different strains (1%, 5% and 10%) are computed by analyzing the 
fluorescent images from five high-power fields per sample. It can be observed from 
Figure 5.1 that in comparison to the control (uncompressed), the cell viability of the 
compressed constructs show significantly lower cell viabilities. It can be observed that in 
comparison to the uncompressed samples, the percentage of live cells reduce by 66% 
when applying a 1%strain. Also when applying a 5% strain the percentage of live cells 
reduce by 63% in comparison to a 1%strain and when applying a 10% strain the 
percentage of live cells reduce by 49% in comparison to a 5%strain. 
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Figure 5-1: Percentage of live cells after uniaxial compression on alginate cell constructs 
at different strains 
 
 
5.3. Three dimensional multi-scale numerical model 
5.3.1. Macro-level analysis characterizing mechanical properties of cell encapsulated 
alginate discs: 
  
Three dimensional finite element models were developed to simulate the virtual 
compression tests based on the experimental specimen geometry. With the obtained 
experimental data, the Marquardt Levenberg nonlinear least square optimization 
(MLNLS) algorithm was used to fit the experimental data with the Neo Hookean, 
Mooney-Rivlin and Ogden models. The constants were obtained by using the MLNLS 
optimization algorithm. As explained in the previous chapters, the algorithm minimizes 
the error E between the experimental stress Texp and the nominal stress Ti calculated 
from the strain energy polynomial for each material model. In the Ogden model (Boyce 
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and Arruda 2000., ABAQUS ver6.3-1), the strain energy is expressed in terms of the 
principal stretches as given below: 
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  The hyperelastic Ogden material model is used for the alginate disc with 
embedded endothelial cells since it produces a much closer approximation to the test data 
of the nonlinear hydrogel than the other strain energy density functions. Here, ‘μi’ and 
‘αi’ are material dependent constants; ‘n’, the degree of summation, can be varied to best 
fit the data at hand, which provides additional flexibility. The detailed characterization 
has been presented elsewhere (Nair et al 2007).  In the present study, the Ogden 
polynomial with N = 4 is used for an alginate concentration of 1.5% (w/v),  The loading 
and boundary conditions are applied to simulate the experimental compression test and 
the stress-strain curve is plotted to match up with the experimental curve.  Figure.5.2 
illustrates the macro-level numerical model with boundary and loading conditions. 
 
Figure 5-2: Macro-level numerical model with boundary and loading conditions 
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 A 3D nonlinear numerical model has been developed and validated for the 
mechanical characterization of alginate-cell discs. At the macro scale, the predicted stress 
strain curve from the numerical model has been validated along with the experimental 
data. Figure 5.3 indicates that displacement contour of the macro scale in all the three 
principal directions.  
 
Figure 5-3: Macro-scale model displacement contour in the three principal directions 
 
5.3.2. 3D multi-cellular scale analysis for analysis of cell-cell interaction  
 In this part of the study we incorporate a 3D multi-cell model to determine the 
micro stress and deformation fields and the effects of geometrical heterogeneity in the 
cell’s microenvironment. The 3D scenario will aid in applying boundary and loading 
conditions that can mimic a more natural environment within the body. The distributions 
of the cells within the microstructures were determined by a uniform random distribution. 
To maintain the same volume fraction of one million cells per ml; fifteen cells were 
modeled in a 250μx250μx250μ volume.  The probability function for determining the 
distribution of cells in the volume was computed using a continuous uniform distribution 
on the interval [a, b] and is given by  
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 As per previous studies the radii of the cells were assumed to be 30μ(Breuls et al. 
2002, Caille et al. 2002). Also, from our previous two dimensional studies (Nair et al., 
2007), we observed that variations in cell sizes in the range of 5-10microns do not affect 
the stress in the cell’s immediate environment. The cells were modeled as single 
inclusions using the neo-hooken material model for endothelial cells (Breuls et al. , 2002; 
Caille et al., 2002; and Haider et al., 2006). The strain energy function for the Neo-Hook 
(ABAQUS ver 6.3-1) model is given by the following equation 
                 )3( 11 −= IaWNH                                                                          (5.11) 
where a1 is a material parameter and I1 is the first stretch invariant. The constant a1 can 
be derived from the elastic modulus and Poisson’s ratio as follows 
nucleusnucleusnucleus aE 1)1(4 ν+=                                                     (5.12) 
Here, the elastic moduli of the nucleus is set to 4462 N/m2, and Poisson’s 
microenvironment ratio is assumed to be 0.5 (Caille et al. 2002). To obtain the boundary 
and loading conditions for this multi-cellular analysis; the deformation were mapped 
from the macro-level analysis for upto 10% strain. The strain magnitudes occurring in 
physiological conditions in case of the aorta and large arteries (2%–10%) (Dobrin, 1978., 
Wedding et al., 2002).  The mapping function is given in the equation below 
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UA  is the nodal displacement from macro level and is a function of xi, and UB the nodal 
displacement in the multi-cell model and will be a function of X
B
i. The interpolation 
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function was implemented using Mathematica ver 5.1 to determine displacements on the 
6 surfaces of the multi-cell volume element. The pre-processing which involved creating 
the spherical volume of cells within a cubical volume of alginate as well as the meshing 
was carried using MSC.Patran (MSC Software Corporation, Santa Ana, CA). The model 
was then imported into ABAQUS and mapped displacements from the macro-scale 
model was applied onto the multi-cellular volume. Figure5.4 below shows the mesh 
along with the boundary and loading conditions of the multi-cellular model. 
  
 
Figure 5-4: Mesh along with loading and boundary conditions for multi-cell model 
 
 
 The geometry and the boundary conditions are shown. The analysis was run to 
compute the stresses and the deformations at the cells’ microenvironment as a function of 
the geometric heterogeneity. The strain energies of the multi-cellular volume were 
computed for maximum compressive strains up to 10%.  Figure 5.5 shows the 
distribution functions the computed strain energy density for the different strains. From 
the multi-cellular model we are able to determine a probability distribution of stresses or 
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deformation for the multiple cells. This distribution results from the geometrical 
heterogeneity in terms of location of the cells in the defined multi-cellular volume.   
  
 
Figure 5-5: Function of strain energy as a function applied compressive strain 
 
 
 Before analysis of a single cell, it is important to determine the displacements 
from a single cell within the multi-cellular volume to the next scale model incorporating a 
single cell volume along with the cytoplasm and nucleus. For example, to visualize 
maximum deformation in the cells Figure 5.6 shows the displacement contour plot of the 
multi-cellular volume.  
 112
 Figure 5-6: Displacement contour plot of multi-cellular volume 
 
To visualize the deformation of the cells within the volume we have to subtract 
the volume of alginate surrounding the cells. Figure 5.7 is an example of the 
displacement contour of the cells after the volume of alginate has been subtracted.  
 
Figure 5-7: Displacement contour plot of the cells after the volume of alginate has been 
subtracted 
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For determining the mapping function from the multi-cellular scale to the single 
cell scale, the cell with largest strain energy was chosen from the multi-cellular analysis. 
The rationale being strain energy combines the effects of deformation as well as stress 
and therefore is a possible criteria for analysis of cell damage. Once the cell is selected, a 
new cubical volume (Figure 5.8) is introduced around that particular cell and the analysis 
is carried out again 
 
Figure 5-8: Mesh of modified multi-cell volume for extracting displacements for next 
scale model 
 
5.3.3. 3D single cell model for analysis of cell damage:  
 In this study the effects of the macro-scale loads on a lower scale periodic model 
incorporating a single cell that is encapsulated in alginate has been analyzed. At the 
cellular scale, an individual cell in alginate was analyzed as two-phase inclusions. The 
displacements were mapped from the multi-cellular volume to the single cell model to 
analyze the deformations of the substructures within the cell and formulate the damage 
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criteria for each cell. Here,  the three different material phases are described by the three 
different material models namely the Ogden hyperelastic polynomial for capturing the 
inherent non-linearity of alginate, and the Neo-hooken polynomial function for 
describing the cytoplasm and the nucleus..  (Breuls et al. 2002, Caille et al. 2002, and 
Haider et al. 2006). The elastic moduli of the nucleus and the cytoplasm are set to 4462 
N/m2 and 323N/m2 respectively, and Poisson’s microenvironment ratio is assumed to be 
0.5 (Caille et al. 2002). The analysis has been done up to 10% strain to simulate a 
realistic scenario. Figure 5.9 shows the schematic of the three phase single cell model 
along with the loading conditions                                       
  
 
Figure 5-9: Displacement boundary condition applied to single cell model 
 
 
 The model quantifies the strain energy within the substructures of the cell when 
the tissue construct is subjected to macro-level compressive loads. For instance, in one 
particular case the average strain energy densities for the nucleus and cytoplasm can be 
calculated via the equation given by 
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where Winuc is the strain energy density of each element within the nucleus, Wicyto is the 
strain energy density of each element within the cytoplasm region, Volinuc and Volicyto are 
the volume for each element within the nucleus and cytoplasm respectively and Nn and Nc 
are the number of elements in the nucleus and the cytoplasm regions respectively. The 
total strain energy of the cell can then be calculated by the superposition of the strain 
energy of the individual components of the cell 
 At this level, the single cell model enables to quantify strain energy at the 
cytoplasm and nucleus as a function of applied macro-level strain. Figure 5.10 indicates 
the geometry of the single cell model and the predicted strain energy density for the 
nucleus and cytoplasm. Compared to the nucleus, the cytoplasm shows higher strain 
energy density at higher strains due to the stiffness mismatch in material properties. 
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Figure 5-10: Predicted strain energy density curve of a single cell from macro-scale 
deformation of alginate-cell constructs for up to 10%strain 
 
 
 5.4. Strain energy based damage model  
 It has been observed that cells are often randomly distributed within the cell-
hydrogel constructs and this geometrical and material heterogeneity will lead to different 
displacement field for each individual cell within the constructs. Consequently, the strain 
energy density of cell can be characterized by a statistical distribution. To determine 
whether the cell apoptosis occurs, a strain energy density based damage criterion is 
formulated as 
apoptosiscellWW apcell ⇒Γ>Γ )()(                                              (5.15) 
Here,  Wcell is the strain energy density of cell from the model and   is a 
function of W
)( cellWΓ
cell and is explicitly expressed as (Wcell )1/16 The maximum strain energy that 
the cell can sustain without resulting in apoptosis is defined as   , which is also an 
inherent property of the cell. Also, under the same mechanical load, the response of cell 
apW
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may vary due to random effects at the cellular level. Hence,  can be 
considered as a random variable; and its distribution function can be determined by 
correlating to the experimental data. Also, based on the cell damage criterion, the cell 
viability indicates the probability that 
)( apWΓ
)( cellWΓ is less than . Hence,   
can be solved from the equation below                                                                                    
)( apWΓ
apW
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cellcell PWdWPDF
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Γ )(
0
)())((                                                    (5.16) 
 Here Pvia  is the percentage of live cells determined from the apoptotic 
experiments conducted on the tissue constructs that have been subjected to a particular 
compressive load. Clearly,    is also a random variable and the experimental data of  
  for all the specimens can be used to characterize its statistical distribution function. 
PDF(x) denotes the probability density function for a random variable x. Furthermore, 
one can randomly generate a set of values that follows the statistical distribution 
determined through experimental data. The corresponding  
viaP
viaP
)( apWΓ and/or  can be 
obtained from (5.9), these values can, in turn, be used to determine the statistical 
distribution for   and/or . In the multi-cellular model, the strain energy data 
from 64 cells under the same prescribed macroscopic compressive loads were extracted 
to determine the probability function of W
apW
)( apWΓ apW
cell  Figure 5.11 indicates the probability 
density function of Wap as a function of strain energy density of a single cell. It should be 
noted that Wap is an inherent property of the cell and indicates the threshold value beyond 
which the cells are dead. 
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 Figure 5-11: Probability density function of Wap 
 
Furthermore, a corresponding damage parameter, dp, can be defined for each cell such 
that 
⎪⎩
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                          (5.17) 
Note that the range of dp ( 10 ≤≤ dp  ) indicates various cell health states including: live, 
apoptotic and necrotic cells.  
5.5. Stochastic simulation for prediction of cell viability based on damage criterion 
  A stochastic approach is employed to predict the cell viability within a 3D tissue 
construct under a prescribed mechanical load. Assuming the number of cells in the cell 
viability study to be N, and if the distribution functions for )( apWΓ  and are 
assumed to be  and 
)( cellWΓ
))(( apWPDF Γ ))(( cellWPDF Γ  respectively, where the  
  is computed via the multi-scale analysis for the given mechanical load, ))(( cellWPDF Γ
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and  is characterized from experimental data. Then, for the i))(( apWPDF Γ th cell of total 
N cells,   and  icellW )(Γ iapW )(Γ  can be randomly assigned according to their 
distribution functions. The proposed cellular damage criterion can then be applied, and 
dpi can be computed.  The cell viability can then be determined from (5.18): 
∑
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1,11                          (5.18) 
 A strain energy based damaged criterion has been developed to predict the cell 
state when a tissue construct is subjected to macro scale compressive loads. Based on this 
damage criterion, a stochastic model to predict the cell viability in the tissue constructs 
has also been developed. It can be observed that the predicted cell viability from the 
stochastic model closely matches the experimentally calculated cell viability (Figure 
5.11). Comparison between the predicted cell viability and experimental data 
demonstrates for cells encapsulated in 1.5% (w/v) alginate concentration that the 
proposed theory can capture the trend observed from the experimental study. The curve 
indicates the cell viability (Pvia) as a function of macro-scale stresses applied on the tissue 
construct. For instance, when the scaffold is subjected to macro-scale pressure of 
0.547KPa; only 20% of the cells are viable within the construct and when the applied 
stress or pressure is increased to 1.017KPa cell viability further reduces to less than 10%.  
A similar trend can be observed when plotting the cell viability as a function of macro-
scale compressive strain as well.  The stress values of 0.126KPa, 0.547KPa and 
1.017KPa correspond to compressive strain of 1%, 5% and 10% respectively.  
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Figure 5-12: Predicted cell viability curve in comparison with experimental cell viability 
data, with N =20000 
 
  
A parametric study was also conducted to study the effects of alginate 
concentration on the damage induced at the single cell level under the same macroscopic 
loads.  The alginate concentrations were varied from 1% to 3% (w/v) and the analysis 
was carried out for macroscopic strains of 1%, 5% and 10 %. The stresses corresponding 
to these strain values are 0.126KPa, 0.547KPa and 1.017KPa respectively. The results 
suggest that under compressive strains of up to 10%, altering the alginate concentration 
from 1% to 3% (w/v) does not affect the cell viability within the bioprinted tissue 
constructs. 
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 Figure 5-13: Predicted cell viability curve for alginate concentrations of 1%, 1.5% and 
3% (w/v), with N =20000 
 
  Specifically, this method characterizes the macro-scale structural behavior of the 
tissue scaffold, analyses and quantifies the 3D stresses and deformations in the micro-
scale level comprising of multiple cells, and aids in determining cell damage by 
analyzing a single cell model wherein individual cell components like the nucleus and 
cytoplasm are incorporated. A strain energy based damage criterion has also been 
established to characterize the state of a single cell when a macro scale tissue scaffold 
undergoes compression. Furthermore, a stochastic simulation has been developed to 
predict the cell viability within the tissue construct under the applied load. The multi-
scale modelling approach allows us to better understand, quantify and predict the stresses 
at the cell’s micro environment, which in turn is a significant step towards understanding 
the complex phenomenon of mechanotransduction in cells. However it must be noted that 
this study does not focus on explaining the mechanisms of cell damage. 
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 The single cell model is a simplified version wherein the cell components like the 
nucleus is modeled as spherical inclusions. To realistically understand cell mechanisms, 
the cell model may be extended to include more structural components like the 
microfilaments. With more sophisticated experimental techniques, more detailed cell 
damage information can be obtained, such as the percentage of cells that undergo 
apoptosis, the percentage of cells in which cytoplasm damage are observed, and the 
percentage of cells that recover with initial cytoplasm damage. The model described 
above can be extended accordingly. For instance, two distributions functions can be 
employed for nucleus and cytoplasm respectively; a critical strain energy density for 
nucleus dictates the occurrence of apoptosis, while its counterpart for cytoplasm 
influences the occurrence of non-recoverable cytoplasm damage. The underlying 
assumption here is that cells are capable of adapting to deformations to a certain extent 
without damage. Moreover, at this point of time, cell recovery as well as the micro 
structural changes initiated by the deformations and the cell damage has not been 
incorporated in the damage law.  
 While engineering tissues for applications in regenerative medicine, it becomes 
imperative to understand the multifaceted, complex and diverse cellular responses to the 
different cues. Clearly the major challenge is the lack of understanding of the many 
signaling pathways that cells use, and why a specific pathway may be dominant in a 
given circumstance. In this work we present a methodology for the transduction of macro 
scale loads acting on tissue to the cellular level to predict the damage state of the cell. 
However the mechanisms by which forces are transformed within the cell are not yet 
explained. Future studies will include coupling this study with mechanotransduction 
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modeling to further explain the phenomenon to further advance the study of basic, 
biological life sciences at a fundamental level. 
5.6. Application of cell damage model to bioprinting process 
The cell damage model and stochastic simulation enables us to effectively predict 
cell damage as well we cell viability within tissue constructs when subjected to macro 
level compressive strains. This novel modeling technique and methodology can be 
applied for the analysis of tissue constructs in other application as well, for example, 
when tissue constructs are subjected to other type of forces like tension, shear or a 
combination of them. The only modification to the model that needs to be done in those 
applications is to change the boundary and loading conditions to simulate that particular 
environment. In case of the bioprinting system, this method and approach can be applied 
to determine cell damage and cell viability during the process. But the current model 
simulated cell damage when the scaffold undergoes compression and does not take into 
consideration the shear forces which are predominant in the bioprinting process for 
analysis of the cell-alginate mixture at a particular instance in time.  
To realistically characterize the scenario, the current approach and methodology 
can be applied to a computational fluid dynamics model where the alginate cell mixture is 
subjected to shear stresses within the nozzle. The same methodology can be applied and 
the same stochastic simulation can be used if the CFD analysis provides the shear forces 
within the system. This model can then be directly validated by the experiments done on 
the bioprinting system to characterize cell damage (described in chapter 2). The current 
work sets up the modeling framework for analysis of tissue constructs in different 
environments as in the case of  in vivo compression, or a bioprinting process or in case of 
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bioreactor applications. The only modifications that need to be done are, changing the 
loading and boundary conditions to accurately describe a particular application.  
5.7. Conclusions 
 A 3D multi-scale numerical model has been developed to analyze the stresses and 
deformations of the cell when the bio fabricated tissue construct is subjected to macro-
level compressive loads. Specifically, this methodology characterizes the macro-scale 
structural behaviors of the scaffold, quantifies 3D stresses and deformations in the micro-
scale level comprising of multiple cells, and studies cell damage at a cellular level 
wherein individual cell components like the nucleus and cytoplasm are modeled.  
 In addition, the damage model along with the stochastic simulation aids in not 
only predicting the state of a single cell when the tissue scaffold is subjected to 
compressive loads, but also in predicting the percentage cell viability within the scaffold.  
This modeling methodology provides an effective means to quantify the stresses and 
strains at the cell’s micro-environment when tissue constructs are subjected to macro-
field deformations and is a significant step towards a better understanding of cell 
mechanisms in tissue engineering applications. This novel modeling approach sets up a 
framework for the analysis of cell damage when tissue constructs are subjected to stresses 
and/o strains in different environments. As discussed in the previous sections, this 
approach can be modified by changing the boundary and loading conditions to best 
describe a particular application. This work establishes a fundamental and novel 
framework on the analysis and/or prediction of cell viability within tissue constructs 
when they are subjected o macro-scale loads. 
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS 
 
6.1. Summary 
In this thesis we present a novel multi-scale computational modeling approach for 
the analysis of mechanical loading induced cell damage. In this study we have developed 
a 3D multi-scale numerical model that analyzes the stresses and deformations of the cell 
when the tissue construct is subjected to macro-level compressive loads. Compared to our 
2D approach (Nair et al., 2007), this study provides more details for developing a damage 
criterion to predict the state of the cell. Specifically, this methodology characterizes the 
macro-scale structural behaviors of the scaffold, quantifies 3D stresses and deformations 
in the micro-scale level comprising of multiple cells, and studies cell damage at a cellular 
level wherein individual cell components like the nucleus, cytoplasm are modeled. 
Additionally, a strain energy based damage criteria has been developed to analyze the 
state of the cell under macro-field loading. A stochastic model to predict the percentage 
cell viability within the tissue constructs undergoing compressive strains has also been 
simulated. The model defines a threshold value for strain energy density of a single cell 
Wap, beyond which the cell does not survive. For endothelial cells under the prescribed 
load the value of Wap is determined to be in the range of 0.025e-6 and 0.1e-6 kj/mm3. 
Comparison between the predicted cell viability and experimental data demonstrates that 
the proposed theory can capture the trend observed from the experimental study. 
The development of a numerical model for characterizing the mechanical 
properties of three dimensional alginate based bioprinted tissue scaffolds has also been 
presented in this thesis. We developed an in silico model to determine the stress-strain 
relationship of alginate based scaffolds from experimental data (Nair et al., 2008). The 
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model analyzes the effects of alginate concentration on the stress-strain curve of the 
scaffolds. The effects of porosity on the mechanical properties of the scaffolds were also 
studied. 
The effects of process parameters like dispensing pressure and nozzle tip diameter 
of the solid free form based bioprinting system has been characterized and studied for 
minimizing cell apoptosis. A set of parametric experimental studies were conducted to 
assess the effect of the dispensing pressure and the nozzle size on the viability of cells. 
Analysis was first performed by segregating the samples into three experimental groups 
according to different nozzle diameters of 150 μm, 250μm, and 400μm.  For each nozzle 
diameter, the dispensing pressures were varied and studied at 5 psi, 10 psi, 20 psi, and 40 
psi. The study indicated a decrease in percentage live cells with increasing dispensing 
pressure and decreasing nozzle tip diameter. Similarly, an increase in percentage injured 
and necrotic cells with increasing dispensing pressure and decreasing nozzle tip diameter 
was observed. The study further conclusively indicated that the effect of dispensing 
pressure was significantly larger than the effect of the nozzle diameter. 
6.2 Research Contributions 
 The main research contribution in this work has been developing and establishing 
a novel modeling framework for the analysis of cell damage for tissue constructs when 
subjected to macroscopic loads. This modeling framework is applicable to different 
biomaterials, different cell types and different loading scenarios. We demonstrate the 
development of the predictive model for one particular application. However this 
methodology can be made applicable to other scenarios by modifying the loading and 
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boundary conditions that closely mimic the specific application. The specific 
contributions of this research are summarized as follows.  
1) The development of a three dimensional multi-scale computational modeling 
approach to analyze and characterize cell damage when the tissue scaffold is 
subjected to macroscopic loads. This methodology enables to quantify 3D cellular 
stresses and deformations at three different scales. This also provides the strain 
energy of a single cell that is used to formulate a damage criterion for single cells 
under a prescribed macroscopic load. 
2) The development of a novel strain energy based damage criteria for predicting the 
degree of damage in cells when the tissue scaffold undergoes macroscopic loads. 
This enables to establish a direct link between the macroscopic loads and the state 
of the single cell. Additionally, the model takes into account the effects of 
macroscopic loading, physical and material heterogeneity at the micro level, cell 
tolerance to mechanical disturbance as well as the inherent randomness in terms 
of cell response.  Furthermore, a novel stochastic simulation has been formulated 
for determining percentage cell viability in tissue engineering scaffolds when the 
constructs are subjected to macro-scale compressive loads.  
3) The development of a numerical model to characterize and predict the macro-
scale structural behavior of the tissue scaffolds of a given geometry. This model 
aids in determining the mechanical properties of three dimensional alginate based 
tissue scaffolds. Though the Ogden model has been considered to be a 
phenomenological material model, we have also attempted to correlate relevant 
material constants with physical parameters like alginate concentration and 
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viscosity. This approach enables us to eliminate repetitive experiments to 
determine the bulk properties for a given alginate with an arbitrary concentration 
based on a small set of experimental data. This modeling process has a potential 
of expanding its applications to other gel-like materials. The model also predicts 
the effects of physical parameters like material concentration as well as the effects 
of geometrical parameters like porosity on the mechanical properties of the tissue 
scaffold.   
4) The development of a methodology that characterizes and quantifies 
biofabrication induced damage on living cells. The study suggests that compared 
to the nozzle diameter, dispensing pressure effects cell viability to a greater 
extent. The results indicate that dispensing pressure has a higher effect on cell 
damage compared to nozzle diameter. This study aids in determining, controlling, 
and eventually designing the optimal biofabrication parameters to manufacture 
viable cell assemblies.  
6.3. Limitations of current model 
The limitation of the current study is that the tissue scaffold is assumed to be a 
hyperelastic gel and the model characterizes cell damage at one instant in time. However, 
in reality tissue scaffolds are more viscoelastic nature and the tissue scaffold is in a 
dynamic environment of constant change and remodeling. For instance, from the time of 
fabrication the tissue scaffolds are continuously degrading and there is a process of cell 
proliferation that needs to be accounted for. These complex mechanisms have to be 
included in the modeling simulations to truly characterize the nature of the scaffold. Also, 
the single cell model is a simplified version wherein the cell components like the nucleus 
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is modeled as spherical inclusions. To realistically understand cell mechanisms, the cell 
model may be extended to include more structural components like the microfilaments. 
With more sophisticated experimental techniques, more detailed cell damage information 
can be obtained, such as the percentage of cells that undergo apoptosis, the percentage of 
cells in which cytoplasm damage are observed, and the percentage of cells that recover 
with initial cytoplasm damage. The model described above can be extended accordingly. 
The underlying assumption here is that cells are capable of adapting to deformations to a 
certain extent without damage. Given that the duration of the load applied in the 
experiment is rather short, the current theory does not incorporate the cell recovery as 
well as cell adaptation over the time and the micro structural changes initiated by the 
deformations. 
6.4. Future Research Recommendations 
Following research tasks have been outlined and can be undertaken to for future 
research and development. 
6.4.1. Bioprinting process characterization for cell function 
 The current study quantifies the percentage live, dead and apoptotic cells as a 
function of process parameters. This can be extended to include functional 
characterization of the cell through the printing process. This will provide us with a better 
understanding of whether the cell phenotype is maintained during the printing process. 
The current process characterization analyzes cell damage at the instant of printing. The 
study can also be done over longer periods of time to understand the recovery process of 
the damaged cells. A computational fluid dynamics model can then be developed and 
implemented based on the current framework to effectively characterize the system. 
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6.4.2. Advanced multi-scale computational model 
 In this study, the non-linear material properties of the tissue-scaffold are assumed 
to be hyperelastic in nature. But to truly capture the inherent nature of the tissue-
construct, the model needs to be improvised to incorporate the viscoelastic nature of the 
scaffold. The current single cell model is a very simplified three dimensional model 
wherein the nucleus and the cytoplasm are the only cell components that have been 
modeled. Basically, the single cell model comprises of three volumes namely alginate, 
cytoplasm of cell and nucleus of cell. However at the cellular scale, the elements of the 
cytoskeleton like microfilaments would contribute towards stresses and deformations of 
the cell. Expanding the current model to include these features would aid in developing a 
more robust single cell model. 
6.4.3. Improved damage model 
 The damage criterion developed in this research provides a foundation to further 
expand it to include varying degrees of cell damage. With more sophisticated 
experimental techniques, more detailed cell damage information can be obtained, such as 
the percentage of cells in which cytoplasm damage are observed, and the percentage of 
cells that recover with initial cytoplasm damage. The model described above can be 
extended accordingly. For instance, two distributions functions can be employed for 
nucleus and cytoplasm respectively; a critical strain energy density for nucleus dictates 
the occurrence of apoptosis, while its counterpart for cytoplasm influences the occurrence 
of non-recoverable cytoplasm damage. 
6.4.4. Coupling chemical and biological reactions with current mechanics based 
model 
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We understand that under mechanical loading, the mechanical forces induce 
complex chemical and biological signaling that in turn affects cell behavior. However, 
very little research has been done to study the interplay between the various cues in the 
cell’s micro environment. The current research can be expanded to study cell 
mechanotransduction and to incorporate biochemical forces into the current multi scale 
model for the analysis of cell mechanics and cell damage. This synergistic approach will 
provide a better understanding of cell behavior thereby providing better insight into 
mechanisms of tissue regeneration.   
6.5. Concluding Remarks 
  The development of a multi scale modeling framework for the analysis of 
mechanical load induced cell damage in tissue constructs has been developed and 
presented in this thesis. The model enables to determine 3D cell deformation and stress at 
three different scales as well as enables to characterize the 3D mechanical properties of 
alginate based bioprinted tissue constructs. Additionally, in this thesis research on the 
development of a novel damage criterion to predict the state of the cell as well as the 
percentage cell viability within the tissue constructs has been presented. This part of the 
work enables to establish a direct correlation between the macroscopic loads and the 
cells. This model also facilitates to take into account the effects of macroscopic loading, 
physical and material heterogeneity at the micro level, cell tolerance to mechanical 
disturbance, as well as inherent randomness in terms of cell response.  
One of the major drawbacks of current research in the field of tissue engineering 
is the lack of understanding of the complex nature of cell behavior. Advanced 
manufacturing methods using Solid Freeform Fabrication (SFF) based fabrication 
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technologies have provided the tissue engineering community with scaffolds that meet 
multiple biophysical and structural requirements by controlling scaffold parameters such 
as porosity, pore size, inner architecture and scaffold materials. However the mechanisms 
involved in controlling and regulating cell growth and differentiation is still very poorly 
understood. Due to the interdependent factors that influence cell attachment, cell 
proliferation, and tissue regeneration, it is crucial to know the mechanisms and signaling 
pathways for engineering tissue. This research presents a new computational approach 
which can be applied as an  essential tool to provide scientists and engineers’ with better 
understanding of these complex cellular mechanisms. 
.   
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